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Abstract

Additive Manufacturing (AM) has the potential to completely reshape the manufacturing space by removing the geometrical con-
straints of commercial manufacturing and reducing component lead time, especially for large-scale parts. Coupling robotic systems
with direct energy deposition (DED) additive manufacturing techniques allow for support-free printing of parts

. This paper offers a holistic review of large-scale robotic additive manufacturing,
beginning with an introduction to AM, followed by the different DED techniques, the compatible materials, and their typical as-
built microstructures. Next, the multitude of robotic build platforms that extend the deposition from the standard 2.5 degrees of
freedom (DOF) to 6 and 8 DOF are discussed. With this context, the decomposition and slicing of the computerized model will
be described, and the challenges of planning the deposition trajectory with be discussed. The different modalities to monitor and
control the deposition in an attempt to meet the geometrical and performance specifications are outlined and discussed. A wide
range of metals and alloys have been reported and evaluated for large-scale AM parts. These include steels, Ti, Al, Mg, Cu, Ni,
Co-Cr, and W alloys. Different post-processing steps, including heat treatments, are discussed, along with their microstructures.
The paper finally addresses the authors’ perspective on the future of the field and the largest knowledge gaps that need to be filled
before the commercial implementation of robotic AM.
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shape constraints on components. This allows for complex ge-
ometries to be constructed, where conventional manufacturing
would require the joining of multiple pieces to create the same
part [3]. Geometrical freedom has the potential to reduce com-
ponent lead time, cost (FABTEAONON CaSTTONRESIEANIONEE
, material waste, energy us-
age, carbon footprint, and drastically reduce the need for post-
processing [4].

1. Introduction

Additive Manufacturing (AM), also known as 3D printing, uses
computer-aided design (CAD) to build objects layer by layer

|11, This contrasts a significant portion of traditional manu-
Facturing, which uses casting, sintering, or removing unwanted
ieial fFOm A NS0T USINg MACKING) [2]. AM is sil in its

infancy, but the projected possibilities will drastically change
the manufacturing space. One of the proven advantages of
AM compared to conventional manufacturing is the lack of

The industrial applications of AM range from aerospace to
the energy sector to healthcare. The ultimate goal is to have on-
site access to this technology, eliminating the need for stock-
piles of replacement parts.
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opment of metal AM systems has been on powder bed fusion
(PBF) [7, 8, 9]. In these machines, a laser is scanned over a fine
layer of powder, fusing it together. The build substrate drops
down according to the Jayerthickness, and the powder is redis-
tributed using a roller or scraper, and the laser fuses the newly
distributed powder to the previously deposited material. This
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Figure 1: An example of a large-scale robotic AM fabrication platform using a
wire and arc welding system for metal deposition.

process repeats until the part is complete. These platforms are
intrinsically limited to 2.5 Degrees of Freedom (DOF), where
each layer is printed on a 2-dimensional plane [10, 11]. A lim-
itation of 2.5 DOF is the need for support structures on over-
hanging features of more than 30-40°, where 0° is perpendicu-
lar to the build plate. It should be noted that the degree of over-
hang before manufacturing defects begin to form is a function
of the thermophysical properties of the molten material being
printed [12, 13, 14, 15]. This introduces complex designing,
planning, and post-processing to remove the supports, adding

significant material cost due to added support material (waste
material) and labour cost caused by the required removal of the
support material.

There is garnering interest in expanding the DOF of AM sys-
tems to allow for the manipulation of the part in-situ.. This
would eliminate the need for support structures [16, 17, 18, 19].
The increase in DOF is achieved via the integration of robotic
manipulators and positioners (see Figure 1). The manipula-
tors can then house various direct energy deposition (DED)
modalities such as: gas metal arc welding (GMAW), gas tung-
sten arc welding (GTAW), laser-based direct energy deposition
(LDED), and plasma arc transfer welding(PTAW), enabling
multi-directional deposition [20, 21, 22, 23]. A depiction of this
is shown in Figure 1, where the part’s orientation has changed
to compensate for the overhanging angle. Combining these sys-
tems can theoretically eliminate the size restrictions of the parts

that can be built using AM. This sparks considerable interest
from not only the energy sector but shipping, mining, and any
industry that requires large-scale parts. The complexity of these
parts is not due to stringent geometrical tolerances but is re-
stricted by the sheer size of the components [24]. One rendition
of this is the combination of additive and subtractive manufac-
turing, which takes the free formability of AM and combines it
with the surface finish capabilities of machining. This is known
as hybrid manufacturing [25, 26]. Researchers have been de-
veloping path planning programs for these types of systems, but
the combination of the two processes drastically increases -

fimes, and would not be suitable for large scale applications in
the current state [27, 28, 29, 30, 31, 32, 33].

The current objective of large-scale additive manufactur-
ing is to use 7- and 8-axis robotic serial manipulator sys-
tems, and in-situ monitoring and control systems, to elimi-
nate the need for subtractive measures and supporting structures
[18, 36, 37, 38, 16, 39]. The different technologies to achieve
this have been implemented in various other applications but
have not yet been integrated into a holistic process. Various
companies have implemented commercial large-scale robotic
AM, including: Relativity Space [40], MX3D [41], MER cor-
poration, AML3D [42], and AMFG [43].

in'Figure2. However, their methodologies have not been pub-
lished and will not be considered in this work.
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the interdisciplinary engineering challenges that this process
encompasses. For this work, large-scale AM constitutes the
ability to fabricate a part with a volume of 1 m3. The current
state of research highlights the lack of collaboration between
engineering disciplines and the connections that lie between
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Work'reviews these independent research findings and attempts
to highlight the relationships between them. Most of the re-
search discussed herein encompasses laboratory-scale coupons
and not specifically large-scale parts. However, it is speculated
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Figure 2: Examples of companies adopting the large-scale robotic AM technology with (a) a rocket nozzle fabricated by Relativity Space, Inc. [34] and (b) a

component of a serial manipulator fabricated by MX3D [35].

that many of the contributions made will be transferable beyond
the lab.

The structure of this paper is as follows. The first sections
will discuss the various DED technologies to provide context
to the complexity of the manufacturing systems. This will
transition to the different stages of the AM workflow, shown
in Figure 3, where stage 1 is pre-process planning, stage 2 is
printing/deposition, and stage 3 is post-processing. Stage 1
encompasses the decomposition of the part into sub-volumes,
the cross-sectional slicing of said subvolumes, and the conver-
sion of the sliced layers to a tool path and deposition strategy
based on the deposition system being used. Although not di-
rectly addressed by the publications, the thermo-physical prop-
erties, and the thermal properties will dictate the optimal de-
position strategy to reduce residual stresses, deposition defects,
and microstructural anisotropy. This will vary depending on
the material being deposited. Stage 2 corresponds to the mon-
itoring and control of the deposition and extracting the valu-
able information from the various sensors, which are used to
adjust the operating parameters of the system in-situ. The de-
velopment of this stage is critical to automating large-scale AM,
making it commercially viable for on-site manufacturing by
non-specialized personnel and potentially eliminating the need
for stage 3. An important consideration is optimizing the ther-
mal cycles to achieve the microstructure and corresponding me-
chanical properties required for the parts application. Stage
3 deals with the post-processing required for the part to meet
metallurgical, geometrical, and performance specifications re-
quired for in-service use. Each stage corresponds to separate
chronological sections of this paper, where each constituent of

that stage and its current state in regards to large-scale addi-
tive manufacturing will be discussed. The paper will conclude
with the author’s perspectives on the challenges that must be
overcome to make large-scale AM a commercially viable man-
ufacturing option.

2. Metal deposition technologies

The main metal deposition technologies found in large-scale
AM are: Gas Metal Arc Welding (GMAW), Gas Tungsten Arc
Welding (GTAW), Plasma Transferred Arc Welding (PTAW),
and Laser-based direct energy deposition (LDED). A detailed
illustration of these deposition technologies can be seen in Fig-
ure 4. These systems are most readily used due to the ease of
integration with the current multi-axis systems or have previ-
ously been used on robotic systems in industries such as au-
tomotive manufacturing. One advantageous characteristic with
these modalities is higher heat inputs, which enables higher de-
position rates, accelerating the printing process. This is an es-
sential factor for large-scale AM to reduce the lead time for
part production. However, one caveat to higher heat input
is higher thermal stresses and heat accumulation, resulting in
large amounts of material undergoing complex thermal cycling
and anisotropic microstructures [44, 45, 46]. Furthermore, the
material feedstock for DED is typically wire, or powder-based,
which offers the ability to alter both deposition rate and compo-
sition based on the mechanical specifications of that localized
area [47, 48, 49]. Changing the composition could range from
going from one material to another or changing the volume
loading of reinforcement particles in a metal matrix compos-
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Table 1: Some of the existing and under development codes and standards pertaining to additive manufacturing. It should be noted that this is not an exhaustive list,
but provides insight on the magnitude and breadth of standards being developed for DED AM.

Identifier

ISO 17296-(1-4)
ISO/ASTM 52901:2017

Description

Additive manufacturing — General principles (Active standard)

Additive manufacturing — General principles — Requirements for purchased AM parts (active
standard)

Additive manufacturing — Feedstock materials — Methods to characterize metal powders
(active standard)

Additive manufacturing — Test artifacts — Geometric capability assessment of additive man-
ufacturing systems (active standard)

Guide for Additive Manufacturing — Design — Directed Energy Deposition (active standard)
Standard Guide for Characterizing Properties of Metal Powders Used for Additive Manu-
facturing Processes (active standard)

Standard Guide for Directed Energy Deposition of Metals (active standard)

ISO/ASTM 52907:2019

ISO/ASTM 52902 - 19

ASTM F3413 - 19
ASTM F3049 - 14

ASTM F3187 - 16

AMS7027 Electron Beam Directed Energy Deposition-Wire Additive Manufacturing Process (EB-
DED-Wire) (active standard)

AMS7010 Wire Fed Laser Directed Energy Deposition Additive Manufacturing Process (L-DED-wire)
(active standard)

AMS7005 Wire Fed Plasma Arc Directed Energy Deposition Additive Manufacturing Process (active
standard)

AMS7004 Titanium Alloy Preforms from Plasma Arc Directed Energy Deposition Additive Manufac-

turing on Substrate Ti-6Al-4V Stress Relieved (active standard)

ASTM F3187-16 Standard Guide for Directed Energy Deposition of Metals, 2016 (active standard)

ASTM WK69730 New Specification for Additive Manufacturing — Wire for Directed Energy Deposition
(DED) Processes in Additive Manufacturing (under development)
ISO/ASTM AWI TR 52905 Additive manufacturing of metals — Non-destructive testing and evaluation — Defect detec-

tion in parts (under development)

Additive manufacturing of metals — Qualification principles — Part 4: Qualification of ma-
chine operators for DED-LB (under development)

Additive manufacturing of metals — Qualification principles — Part 5: Qualification of ma-
chine operators for DED-Arc (under development)

Steel, Corrosion and Heat-Resistant, Powder for Additive Manufacturing 17Cr - 13Ni -

ISO/ASTM CD 52926-4

ISO/ASTM CD 52926-5

AMS7037

176

178

180

182

184

186

188

190

192

194

2.5Mo (316L) (under development)

ite. This functional gradient could allow for customized spatial
mechanical properties of areas that require them while also re-
ducing the material cost of manufacturing. In this section, the
following technologies will be discussed: GMAW, PTAW, and
LDED. This will include the fundamentals of the operation and
the mechanisms of deposition. This will be followed by the
common material feedstocks and the as-deposited microstruc-

tures that are typically found. [THefange of processing parame"

given: It should be noted that lamination AM and cold-spray
AM are also capable of creating large-scale parts. Lamina-
tion AM is currently not compatible with multi-axis robotic
systems, eliminating it from consideration. Cold-spray AM is
compatible with robotic systems but lacks the ability to create
complex parts without special equipment, and significant post-
processing [50, 51, 52]. Thus, it was not considered in this
work.

2.1. Gas metal/tungsten arc welding

In gas metal arc welding, an arc is struck between a substrate
and a consumable wire electrode that is fed through the weld-
ing torch, where it is melted and deposited onto the substrate.
The molten material is protected from moisture and oxidation
through the use of shielding gases, which are typically a combi-
nation of inert (Ar) and active (CO;). The shielding gas varies
things like the stability of the arc, metal transfer, and penetra-
tion of the weld and is tailored to the material being deposited.
The wire is continuously fed as the welding torch is translated
in the geometry of the weld or AM part. The consumable elec-
trode is either a solid wire or a cored wire, with a powdered
interior in various ferrous and non-ferrous compositions. The
current is directly proportional to the deposition rate but in-
versely proportional to the electrode extension, which is the
distance between the end of the wire guide and the tip of the
electrode, shown in Figure 4(a). The arc voltage is a means of
electrically quantifying the physical length of the arc and can
be affected by many factors, including: electrode composition
and size, shielding gas composition, electrode extension, and
the length of the welding cable [53]. The deposition rate for
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Figure 3: The robotic large-scale metal AM process workflow.

GMAW in terms of AM is material dependent, but is in the
range of 15-160 g/min [54, 55, 56].

Three traditional transfer modes are commonly used with the
GMAW process, which are: spray, globular, and short circuit-
ing [57]. Cold metal transfer (CMT) is a modified subsidiary
of short circuiting, where the mechanical movement of the wire
electrode is synchronized with the electrical control parameters
[58]. Instead of increasing the current during the short circuit
phase, the current is dropped, extinguishing the arc and limiting
the amount of thermal energy transferred to the deposit [59].
The electrode is then retracted, pinching the molten material,
depositing it into the melt pool. The current is then increased to
reignite the arc, and the process repeats [60]. The decrease in
thermal energy transfer reduces the heat accumulation in multi-
layer deposits, which can be characterized by the finer grain
structures when compared to continuous welding techniques
[58, 61]. This can be seen in Figure 5 [62], where the lower heat
input and heat accumulation is characterized by the finer grain
structure. Furthermore, the pulsing of the arc has been shown
to sever dendrite arms, increasing the heterogeneous nucleation
sites, further refining the microstructure [63, 64]. It also dras-
tically reduces the dilution of previously deposited material,
reducing the amount of material being melted with each pass
and possibly reducing the number of thermal cycles [60, 65].
Thus, these reasons make CMT the most viable option for wire

and arc additive manufacturing (WAAM). [ishould’bernoted
that although there is a reduction in heat input and thermal cy-
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Figure 4: Various AM DED technologies; (a) GMAW, (b) PTAW, and (c)
LDED.

cles compared to continuous welding, WAAM deposits still su-
fer from heat accumulation, cracking, porosity, delamination,

The first study of using
GMAW for AM was conducted by Dickens et al., who tried to

expand the realm of 3D welding from large pressure vessels, to
more complex geometries [67].

Gas Tungsten Arc Welding is similar to the GMAW process,
but the arc is struck between a non-consumable tungsten elec-
trode and the workpiece. A filler metal can be fed manually or
mechanically into the arc, where it melts and is deposited onto
the substrate. Multiple filler metals can be fed simultaneously
to increase the deposition rate and allow for the customization
of the material being deposited. Inert shielding gasses (typi-
cally Ar or He) protect the melt from oxidation while also af-

244

246

248

250

252

254

256



258

260

262

264

266

268

270

272

Figure 5: Microstructure variations from the WAAM deposition of AWS
ER70S-6 where (a) shows the finer grain structure of a deposit with low heat
input and low amounts of heat accumulation, and (b) show the grain structure
with high heat input and large amount of heat accumulation [62].

fecting weld bead geometry. The polarity of the system can be
altered from DC to AC if the material being deposited is prone
to forming passive films [68]. The microstructure and mechan-
ical properties of AM deposits are highly dependent on the ma-
terial feeding orientation [69, 70]. Some of the materials that
have been deposited include: TiAl [71], Fe-FeAl functionally
graded material [72], FeAl [73], Ti64 [74, 75, 76, 77], Al [78],
and Ni alloys [79].

GMAW and GTAW offer a cost-effective means of AM, with
techniques that are already common industrial practice. The
ease of integration with robotic control and gantry systems,
coupled with the high deposition rates, makes these technolo-
gies enticing for large-scale additive manufacturing [80]. How-
ever, some complications reside when using a welding heat
source for AM. Distortion and residual stresses are common
side effects of the concentrated heat flux generated from an arc

[81]. Inconsistent bead geometries can lead to poor surface
finish, and dimensional accuracy [82]. Research has predom-
inately been on GMAW, which is speculated to be due to the
added complexity of integrating a wire feeding system with the
robotic system. Ensuring the feeding angle is constant during
deposition would increase the difficulty of path planning and
building strategies. The continuous heat input experienced dur-
ing GTAW could cause increased heat accumulation, resulting
in manufacturing defects such as the slumping of different fea-
tures. Furthermore, GMAW’s ability to easily strike and extin-
guish an arc increase the thermal control during the build by ex-
tinguishing the arc after each pass to allow for the part to cool.
The tungsten electrode in GTAW also requires frequent sharp-
ening to maintain arc characteristics, decreasing the production
rate of large-scale parts.

2.2. Plasma Transferred Arc

Plasma transferred arc utilizes a non-consumable tungsten
electrode, similar to that seen in GTAW; however, there are
some stark differences between the processes as can be viewed
in Figure 4(b). Generally, there are two inert gas inlets: the
plasma and shielding gas. The gasses used in this process (such
as Ar) are chosen due to their low ionization potential, mak-
ing it easier to strike an arc between the electrode and the sub-
strate. The flow of the plasma gas allows the arc to be self-
sustaining, while the shielding gas protects the melt from the
surrounding environment [83]. The plasma is constricted by a
nozzle, changing the arc shape from the traditional bell shape to
columnar, increasing the energy density [84]. The feeding ma-
terial can either be wire, or powdered materials, allowing for
a large degree of compositions and functionally graded parts.
The deposition rate is the highest of the welding techniques
are 33-166g/min [83]. Some of the materials that are being
explored with PTA for additive manufacturing are: Ni alloys
[85, 86, 87, 88], Ni-WC [89], Ti [90], functionally graded Fe-
Ni [91, 92], and stainless steel alloys [93, 94].

2.3. Laser-based direct energy deposition

Laser-based DED techniques share the basic principles with the
aforementioned plasma-based methods, where the main differ-
ence lies in the energy source. For laser systems, a series of
lenses are used to focus a laser beam to melt the desired material
[95]. The laser source can vary depending on the particular ap-
plication. CO; lasers are better suited for low precision, simpler
geometries, where an Nd-YAG laser is better suited for finer,
complex geometries [96]. The feed material for laser DED can
be powder, wire, or a combination of the two, depending on the
application. A schematic of a typical laser system is shown in
Figure 4(c). The deposition rate can be up to 25 g/min with
varying deposition efficiencies depending on the components
geometry [97]. Both heat sources share a Gaussian energy dis-
tribution, with the highest temperatures in the center of the melt.
However, the heat flux provided by a laser source is upwards of
1kW/mm? with a 2mm diameter spot size [98, 99, 100], while
a plasma provides upwards of 60W/mm? over 16mm diameter
spot size [83, 101]. Another critical distinction is the safety
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precautions that workers must abide by during laser DED. To
strike an arc, the workpiece must be electrically grounded and
can only be sustained within a certain stand-off distance. Com-
mercial lasers do not have any of these pre-requisites, meaning
they can theoretically be directed at any surface. Additionally, a
laser can be reflected by certain metallic surfaces that can dam-
age facilities or personnel. Thus, proper control measures must
be implemented to ensure the safety of anyone working with
this equipment.

2.4. Materials

In all AM techniques, the feedstock metals can be in the form
of wire or micron-size powder. Powder metals are typically
much more expensive than their wire counterparts, but offers
material compositions that are not able to be drawn into a wire.
An example of this are higher reinforcement loaded MMC’s and
intermetallics, where the inherent brittle nature of these mate-
rials make it un-suitable for wire applications [212]. However,
the deposition efficiency of wire fed systems are beyond what is
possible with powder [213]. Moreover, storage of metal pow-
ders requires significantly more safety precaution than that of
metal wires and the higher surface area to volume ratio makes
them more susceptible to oxidation [214]. The quality of the
feedstock is of utmost importance, as porosity in the feedStoeK

Stock powdershasbeenShown'to drastically increase the poros-
ity of the printed part 143]. PoORSUEEUANy AU AMEIE:

This section of the report
will outline the common materials and the as-built microstruc-
tures found in the above mentioned AM techniques, as shown in
Table 2 and Table 3. The variation in mechanical properties of
AM deposits will be compared to conventional manufacturing
where applicable, and the microstructural justification for dif-
ferences will be discussed. The order of materials is as follows:
first steels will be discussed, followed by titanium, aluminum,
nickel, magnesium, copper, cobalt-chrome, and tungsten alloys.
It should be noted that there has been work done on energetic
materials, typically in the form of metal-polymer composites.
However, the printing modalities for these materials are cur-
rently limited to those suited for polymer materials and were
deemed out of the scope of this paper. The topics discussed
in Section 3 and Section 4 can be applied to the deposition of
energetic materials, specifically those that utilize a deposition
nozzle like direct writing, fused deposition modelling and pho-
topolymerization [219].

2.4.1. Steels

Steels are extensively used in various industrial sectors due
to their high strength, good toughness, and low cost. There
has been extensive work on the AM of steels, especially with
WAAM. Some honourable mentions include: ER70S-6 [150,
148, 220, 151], 304 SS [148, 221, 149, 176], 308L SS [152,
193, 177, 153], and AISI 420 SS [154].

In the case of 316L austenitic stainless steel, LDED fabri-
cated parts were reported to exhibit a higher hardness, yield

stress, and tensile strength with lower elongation than their
wrought counterparts [105]. These differences in mechanical
properties were attributed to the finer cellular arm spacing of
the LDED manufactured steel compared with the wrought one
[105]. The grain structure of LDED fabricated 316L stain-
less steel is highly dependent on process parameters, where
grains become coarser by increasing power density and de-
creasing scan speed [102]. The 316L stainless steel fabri-
cated by GMAW-AM was reported to have greater hardness
and UTS, but a lower elongation than the wrought steel [155].
Microstructure and mechanical properties of the GMAW-AM
fabricated 316L stainless steel depend on arc mode. A finer
grain size (and consequently a higher strength and hardness)
is achieved when spray transfer mode is replaced with short-
circuiting transfer mode [155]. This is explained by the lower
heat input of the short-circuiting than the spray transfer more,
which leads to a faster cooling rate [155].

Another common steel grade in AM is 17-4 PH martensitic
stainless steel. However, the majority of the work has been on
powder bed methods [222, 223, 224, 225, 226, 227], as opposed
to DED [228, 229, 103, 56, 156, 143]. High cooling rates as-
sociated with the selected AM processes limit transformation
of §-ferrite to y-austenite at high temperatures so that some
amounts of J-ferrite remain at room temperature. AM fab-
ricated 17-4 PH stainless steels commonly exhibit a dendritic
microstructure with interdendritic 5-ferrite in a lath martensitic
matrix [103, 56, 156]. It has been shown that proper shielding
must be implemented with PTA-AM of 17-4 to prevent inter-
layer oxidation during fabrication[143]. Caballero et al. [156]
fabricated 17-4 PH stainless steel from a wire feedstock using a
GMAW-AM technique. They reported that decreasing the heat
input to the system increased the solidification rate and sub-
sequently the amount of retained austenite in the as-built mi-
crostructure. Moreover, the as-built parts had lower yield stress
and UTS than wrought 17-4 PH stainless steel. However, ex-
posure to a solution and aging heat treatment increased their
yield stress and UTS significantly to be comparable with those
of the wrought alloy [156]. Adeyemi et al. [103] investigated
the influence of laser power on the microstructure of LDED
fabricated 17-4 PH stainless steel. They observed a coarse mi-
crostructure at a high laser power due to high laser intensity
and consequently slower cooling rate [103]. In another study,
Martina et al. [56] fabricated walls from 17-4 PH stainless steel
wires using a GMAW-AM technique, a tandem torch. They re-
ported a drop in strength and hardness of the deposited walls
with an increase in wire feed speed, which was attributed to an
increase in grain size [56].
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Table 2: A listing of various powder fed deposition technologies and associated parameter based on the material being deposited. The values listed provide the

maximum and minimum for each parameter and the authors who’s parameters fall within those ranges.

Material feed rate

Process Material Travel Speed (mm/s) Heat Input (W) Spot Size (mm) Layer height (mm) (/min)
%S./SitlEL?Z]re_lnzoe~[loﬂo4 360 [107] - 2600 [103] 2 [108] -20.4 [102]
Steels 102. 105 g10'6 107’ Within range: [104, 1.2[108]-2[103] 0.25[107] - 0.5 [108] Within range: [104,
IOSi ’ i > 106, 105, 108] 105, 103, 106, 102]
1[112]-59[119]
2 [.10.9] - 17 [110] 339 [.1 171-7000 [113] 0.3.’ [¥ 171-8.6 [114] 0.3 [109] - 3 [113] Within range: [110,
Ti-6A1-4V Within range: [I111, Within range: [111, Within range: [I11, Within range: [110, 111, 109, 112, 114
1AL 112, 113, 114, 115, 109, 112, 114, 115, 112, 113, 116, 118, 11‘4 ‘115] ge: s e s 11
116,117, 118, 119] 116, 110, 118, 119] 109, 119] ? 113i ’ ’ ?
laser DED 6[120] - 16 [121] 120 [124] - 3600 [120] 0.6 [125] - 3.5 [120] 0.66 [124] - 23.2 [123]
Aluminium Within range: [122, Within range: [122, Wi thin ran e’_ [123] 0.5 [120] Within range: [122,
123, 124, 125, 126] 123, 125, 121, 126] se: 125, 126]
Nickel 6.7 [127] - 25 [128] [115;);)] (129} - 3000 0.4 [129]-3[127] 6 [127]-33.3[128]
(Inconel 625) Within range: [129] Within range: [128] Within range: [128] Within range: [129]
. 2[.13.0]_26'6[131] 25.0 [.130]_4000[131] 0.8 [132]-5[131] 1.2[118]-36.6[131]
Nickel Within range: [132, Within range: [132, s .
Within range: [133, 0.1[130]-0.5[132] Within range: [128,
(Inconel 718) 133, 134, 118, 135, 133, 128, 118, 135, 134, 118, 128] 133, 135. 134, 136]
128, 136] 136, 134] ? ? T ?
5.§ [%37] -20[138] 209 [.139] -410[137] 0.57 [140] - 5 [138]
Co-Cr Within range: [139, Within range: [140, 0.25[140]-0.7 [139] 0.25[139]-0.5[137] i
Within range: [139]
140] 138]
w 2 [141]-5[142] 200 [141]-2000 [142] 0.6 [141] -3 [142] 0.8-0.9 [141] 7[141] - 8 [142]
PTA Steels 1.3-1.7 [143] 25-35[143]
NiCrBSi 10 [89] 1100 [89] 4.7 [89] 0.75 [89] 20 [89]
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oy
=
'gaon o
300 |
200 -
100 |
0

1 . 1 N 1
04 06 08
strain [mm/mm]

L .
10 12

Figure 6: Tensile plots of WAAM fabricated 304L stainless steel for vertical
orientation (L1, L2, and L3) and horizontal orientation (T1, T2, and T3) [176].
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Table 3: A listing of various wire fed deposition technologies and associated parameter based on the material being deposited.
maximum and minimum for each parameter and the authors who’s parameters fall within those ranges.

The values listed provide the

Process Material Travel Speed (mm/s) Heat Input (W) Spot Size (mm) Layer height (mm) Wire feed Speed (mm/s)
1.4 [144] - 10 [76] 1000 [146] - 3500 [76] 2.5[144] - 5 [76]
laser DEp  TI6A4Y Within range: [145,  Within range: [145, (o range: [145] 1[76]- 1.28 [145] 30 [145] - 40 [76]
146] 144]
Nickel
(Inconel 718) 5000 [147] 1[147]
2.5[148]-30[149] 28 [151] - 166 [159]
Within range: [150, 151, Within range: [148, 150,
Steels 152, 153, 154, 155, 156, 000 [158]-8400[159] 0-5-2[149] 151, 153, 154, 155, 156,
157] 157, 149]
GMAW 1.5 [160] - 9.4 [58]
. . ] 1430 [160] - 12500 [162] 7.2 [160] - 142 [58]
Ti-6Al-4V Y‘(/)l;l]lln range: [161, 162, Within range: [58] 6[161]-10[160] 14 - 16 [160] Within range: [162]
. 6.13 [63] - 22 [164] 100 [63] - 250 [164]
Aluminium Within range: [165] 33607360 [164] Within range: [165]
Nickel 6[166]- 10 [167] 10 [167] - 116.6 [166]
(Inconel 718) Within range: 6.5 [168] 12.8 [167] 1711671 - 2.8 [166] Within range: 33.3 [168]
Nickel
(Inconel 625) 6.3 [169] - 10 [170] 2160 [170] 108 [170]
Magnesium 3:3-166[171] 383}11[1122 [61'715J41 -857 5[172] 3[172] 30 [172]-200 [173]
agnesiu Within range: [172,173] 1) &e: -
Copper alloys 6.6 [55] - 8.3 [174] 4620 [174] - 7424 [55] 117 [174]
Co-Cr 2.1[175] 1454 [175] 3.5 [175] 75 [175]
2.92 [176] -7 [177] 16.67 [176] - 58 [177]
Steels Within range: [178] 1920 [178] Within range: [178]
0.27 [64] - 6.7 [75] 5751 - 9.1 [76] 10 [75] - 128 [75]
GTAW  Ti-6Al-4V Within range: [179, 76, 1320 [180]-2200[76] (" = (179,180 11761 Within range: [177, 179,
177, 180, 181] ge: ’ 76, 160, 180, 181, 64]
Aluminum 3.3 [182] - 100 [183] 17 [182] - 160 [183]
Nickel
(Inconel 718) 51[184] 10 [184] -16 [185] 25 [184]
Magnesium 3.3[186]-5[187, 188] 1.25-2.5[186] 19.2 [187, 188] - 33.3 [186]
Copper Alloys 1.6 [189] 21.6 [189]
Co-Cr 1.1 [190] 16.6 [190]
w 2 [191] 35[191]
Steels 0.6 [192] -2 [193] 350 [192] - 3510 [194] 9[193]-28[192]
PTA
Ti-6A1-4V 41195, 196] 2700 - 5400 [196] 1.5 [195, 196] 58 [195, 196]
Nickel
(Inconel 625) 21.6 [197] 1.2 [197] 3[197]
Witk range: 199,200, Witk range: (199, 200 1412031141 198]
g 6Al4V 201, 202, 203, 204, 205, 201, 202, 203, 198, 206, -2 119 HRIO %ﬁhgloganzgoe; [210989]’ -
206, 207, 208, 209] 207, 208, 204] ? ’ ’
Inconel 718 5[211] 600 - 960 [211] 5.4[211]
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2.4.2. Titanium Alloys

Titanium alloys are widely used in the aerospace industry due
to their high strength-to-weight ratio [231]. The allotropic na-
ture of titanium alloys, in addition to high-temperature thermal
cycles associated with AM techniques, allows for various mi-
crostructures, and consequently, mechanical properties [232].
Moreover, titanium components with complex geometries can-
not be easily fabricated using conventional manufacturing tech-
niques due to titanium alloys’ poor machinability. The low ther-
mal conductivity of Ti results in poor thermal dissipation dur-
ing machining, leading to poor surface quality, accuracy and
reduces machining tool life [233]. These factors make tita-
nium alloys an attractive candidate for AM. Ti-6A1-4V (Ti64)
alloy contains an allotropic microstructure of hcp a- and bec
B-phases, and is the most widely AM-fabricated alloy among
all metallic alloys [209, 179, 180, 76, 181, 114, 115]. AM-
fabricated Ti-6Al-4V alloys exhibit higher strength but lower
ductility than conventional manufacturing techniques such as
casting and forging [196, 116]. This can be explained by the
formation of a’-martensite due to the high cooling rates asso-
ciated with the selected AM techniques. The ductility of AM-
fabricated Ti-6Al-4V components can be enhanced by applying
heat treatments at the cost of reducing the overall strength of
the material [162, 117]. Zhai et al. used a high-power laser to
fabricate Ti-6Al-4V components, resulting in an as-built UTS
and elongation of 1042 MPa and 7%, respectively [117]. Simi-
lar mechanical properties were reported for the Ti-6Al-4V alloy
fabricated by GMAW [162] and pulsed plasma arc AM [196].
These findings can be explained by the similarity in their mi-
crostructures, where fine acicular o’-martensite with a small
amount of o + 3 lamellae was observed [196, 162, 117]. In the
case of LDED, when the laser power decreased from 780 W to
330 W, the mixed microstructure of @’-martensite and o + 8
lamellae was replaced with a fully martensitic microstructure
[117]. This was attributed to the acceleration of the cooling
rate as a consequence of the decreased laser power. The mi-
crostructure change led to a UTS enhancement from 1042 MPa
to 1103 MPa, but an elongation drop from 7% to 4% [117].
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2.4.3. Aluminum Alloys

Aluminum alloys are the most extensively used non-ferrous
metallic alloys in engineering components due to their high
strength, low density, good ductility, and high corrosion re-
sistance. Additive manufacturing of aluminum alloys is more
challenging than steels and titanium alloys due to their high
thermal conductivity. Therefore, the power of the different heat
sources needs to be increased during AM to prevent quick heat
dissipation [63, 242]. This is especially prevalent when the heat
source is a laser beam because aluminum alloys have a high re-
flectivity [122]. The optics train can be damaged from the re-
flected laser, which can be counteracted by introducing a minor
z-axis tilt to the laser head [242]. The increased power of heat
sources can lead to the evaporation of some alloying elements
such as zinc and magnesium during manufacturing, resulting
in porosity due to gas entrapment [243, 244]. This limits the
range of aluminum alloys that can be fabricated by AM. Alu-
minum also forms a strong passive oxide layer on the feedstock
material, reducing the wettability of the melt during fabrica-
tion [245]. The presence of a large solidification range is an-
other factor limiting AM of aluminum alloys. The segregation
of alloying elements during solidification decreases the melting
temperature of the grain boundaries, creating a liquid film. The
thermal stresses induced by the high thermal expansion of Al
can cause intergranular rupture of the grain boundaries, result-
ing in hot cracking [183, 164, 246]. The addition of silicon has
been shown to reduce the susceptibility of hot cracking by re-
ducing the solidification range, enhancing fluidity, and decreas-
ing the thermal expansion coefficient [247, 244]. Moreover,
it forms a fine low melting eutectic structure that can backfill
cracks and increase the grain boundary area, preventing crack
growth [244]. Among aluminum alloys, AlSil10Mg is the most
extensively AM-fabricated alloy [248, 249, 123, 120, 125], al-
though others like Al 5356 [250, 251, 252, 253] and Al 4043
[254, 255, 256, 257] have also been studied. The alloy is a hy-
poeutectic Al-Si alloy with a composition close to eutectic. The
presence of a small amount of magnesium (= 1 wt. %) makes
this alloy age-hardenable through Mg, Si precipitation. The me-
chanical properties of AlSil0Mg alloy mainly depend on the
morphology and size of the eutectic phase. The slower cooling
rate in casting results in a larger cell structure with large inter-
cellular Si particles. The larger Si particles act as crack initia-
tion sites that can propagate easily through larger celled struc-
tures leading to low strength, and poor ductility [258, 259, 260].
However, AM techniques with high solidification rates can re-
fine the eutectic phase and consequently enhance the alloy me-
chanical properties [249, 121].
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2.4.4. Nickel Alloys

Nickel alloys are extensively applied in gas turbine engines,
nuclear reactors, rocket engines, submarines, and space ve-
hicles owing to their high strength and oxidation resistance
at elevated temperatures [168]. Various nickel alloys have
been used in the selected AM techniques including Inconel
625 (In625) [261, 128, 262], NiCrBSi alloy [89], Inconel
718 (In718) [147, 263] and Ni-Fe-V [264, 265] alloy. AM-
fabricated Inconel 718 typically yields a dendritic structure of
FCC 7, with the segregation of Nb and Mo to the interden-
dritic regions, characterized by the formation of Laves phase
((N1,Cr,Fe)>(Nb,Mo,Ti)) [168, 167, 185]. The presence of the
Laves phase suppresses the formation of ¥ (NizNb), the main
contributor to In 718 superior mechanical performance, by de-
pleting the matrix of Nb [132]. The fast cooling rates associated
with AM, lead to a finer microstructure and less segregation
than that of cast Inconel 718, resulting in comparable or slightly
superior mechanical properties [130, 184]. The lack of precip-
itation strengthening and the defect accumulation during depo-
sition leaves as-built AM deposits with inferior properties com-
pared to wrought Inconel 718. This is remedied through heat
treatment or hot isostatic pressing (HIP) [133, 134, 166]. In-
conel 625 superalloys fabricated by a pulsed plasma arc (PPA)
AM exhibited a yield stress, UTS, and elongation of 438 MPa,
721 MPa, and 49%, respectively [197]. Similar mechanical
properties were reported for the same superalloy manufactured
by a GMAW-AM technique [169]. These mechanical proper-
ties are greater than those of the as-cast Inconel 625 superal-
loy. This can be explained by finer dendrites and precipitates
observed in the microstructure of AM built Inconel 625 super-
alloy [197, 169]. However, yield stress and UTS of Inconel 625
fabricated by PTA-AM or GMAW-AM are not as high as those
of the wrought Inconel 625. This can be attributed to the fine
equiaxed grain structure of the wrought superalloy. The LDED
built Inconel 625 superalloy was reported to have higher yield
stress (540 MPa) but a lower UTS (690 MPa) and elongation
(36%) than the wrought superalloy [127].

2.4.5. Magnesium Alloys

Magnesium alloys are the lightest engineering metal avail-
able with an approximate density of 1.74 g/cm3, which is sig-
nificantly lower than that of steels, titanium alloys, and alu-
minum alloys[266]. Although the application of magnesium
alloys has been limited owing to their low corrosion resistance
and poor mechanical properties, their biocompatibility and elas-
tic modulus comparable with human bones make these alloys an
attractive candidate for biomedical applications [267]. More-
over, magnesium alloys are widely used to fabricate dissolv-
able downhole tools, where a high specific strength and corro-
sion rate are required [268]. Fabrication of magnesium alloys
through forming processes such as forging and extrusion has
been limited due to their limited active slip systems at room
temperature, and high oxidation rate at elevated temperatures
[269]. Furthermore, the casting of magnesium alloys does not
allow for the fabrication of parts with complex geometries or
the fine microstructures required to achieve good mechanical
properties. Thus, AM techniques are being explored to target
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unique microstructures and high performance in magnesium al-
loys. Guo et al. [187] fabricated single pass multi-layer walls
from AZ80M alloy wires using a GTAW-AM method. The as-
built microstructure mainly comprised @-Mg and 3-Mg17Al112
with small amounts of AlI2Y phase [187]. This phase assem-
blage is typical for wrought AZ80M magnesium alloys. Me-
chanical properties of the GTAW-AM fabricated AZ8OM alloy
[187] were insignificantly different from those of a wrought
sample. In another study, Guo et al. [186] fabricated full-dense
components from AZ31 alloy wires using the GTAW-AM tech-
nique, where various pulse frequencies (from 1 Hz to 500 Hz)
were employed. The finest grain structure and consequently
greatest mechanical properties were achieved when the pulse
frequency was either 5 Hz or 10 Hz [186]. A GMAW-AM
process has also been used to manufacture components from
AZ31B alloy wires [171]. Both size and volume fraction of
pores in the as-built parts [171] were reported to be dramatically
lower than those of pores in die-cast magnesium alloys. The
GMAW-AM fabricated AZ31B alloy exhibited a higher elon-
gation but lower yield stress than its wrought counterpart [171].
However, the UTS of the GMAW-AM fabricated AZ31B alloy
was comparable to that of the wrought one [171].

2.4.6. Copper Alloys

Copper and copper alloys are widely used for manufactur-
ing heat sinks, electrical wires, tooling inserts, busbars, cool-
ing components, and electric motors due to their high electri-
cal and thermal conductivity. Additive manufacturing allows
the fabrication of complex geometries made from copper, such
as internal cooling channels, while reducing the required ma-
terial and shortening the manufacturing cycle. However, poor
dimensional accuracy and significant porosity were observed in
the AM-fabricated copper parts [270]. These problems are at-
tributed to the rapid heat dissipation during AM resulting from
the high thermal conductivity of copper. Thus, limited research
has been conducted using the selected AM techniques to fabri-
cate Cu components [174, 189, 55]. Dong et al. [189] fabricated
a Cu-9 at. % Al parts using GTAW-AM, where separate pure
Cu and Al wires were fed into a melt pool. The rapid solidifi-
cation associated with GTAW-AM resulted in a microstructure
predominately consisting of CugAls and CuAl; intermetallics
in the as-built condition [189]. Homogenization heat treatment
of the as-built parts reduced the amount of the intermetallic
phases and enhanced yield stress, UTS, and elongation [189].
In another study, Shen et al. fabricated a Cu-Ni-Al part using
a multi-axis GMAW-AM technique and compared it with the
same part made from conventional casting. The AM-fabricated
microstructure contained a lower volume fraction of K-phase
precipitates but higher amounts of intermetallic phases than the
as-cast one. This was attributed to the suppression of the eu-
tectoid reaction by the high cooling rate associated with the
GMAW-AM process [174].

2.4.7. Cobalt-Chrome Alloys

Cobalt-chromium alloys exhibit excellent wear resistance,
high-temperature hardness, corrosion resistance, and biocom-
patibility. They are extensively used in cutting tools, gas tur-
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bines, combustion engines, surgical prosthesis, and machine
gun barrels. However, their high hardness and low thermal
conductivity quickly increase their temperature during cutting,
making these alloys very difficult to machine. Thus, AM can
be a good candidate for manufacturing Co-Cr parts. The AM-
fabricated microstructure is mainly composed of Co-matrix
dendrites and inter-dendritic eutectic, similar to the as-cast mi-
crostructure. However, both the dendritic branches and eutec-
tic structure of the AM components are significantly finer than
those of cast ones [137, 140, 190]. This can be explained by
the significantly higher cooling rates of the selected AM tech-
niques compared to casting. As a result of the finer solidifica-
tion structure of the AM parts, the inter-dendritic eutectic car-
bides mostly have a lamellar morphology [137, 140, 190]. This
contrasts the coarse blocky eutectic carbides typically observed
in the cast microstructure [190]. This explains the higher hard-
ness, yield stress, and UTS of the AM parts compared to their
cast counterparts [190]. However, compared with wrought Co-
Cr alloys, the AM-fabricated Co-Cr alloys exhibit a comparable
volume fraction of carbides and hardness value [140]. More-
over, the wear resistance of AM parts under dry sand/rubber
wheel test conditions was reported to be less than that of the
wrought ones [140]. This is attributed to the lamellar carbides
of the AM deposit creating a continuous network that is easily
removed during the wear test [140]. Mechanical properties and
corrosion resistance of as-deposited AM Co-Cr alloys can be
enhanced by performing post-processing heat treatments. The
best combination of hardness, wear resistance, and corrosion
resistance was reported to be achieved when the as-fabricated
component is subjected to solutionizing heat treatment without
being aged [138].

2.4.8. Tungsten Alloys

Tungsten and its alloys are widely used in many high-
temperature applications such as collimators, arc welding
electrodes, rocket nozzles, and heating elements in high-
temperature furnaces owing to their high melting point, low
thermal expansion coefficient, high tensile strength, and good
creep resistance. However, their low ductility at room temper-
ature and high ductile-to-brittle transition temperature (DBTT)
limit their ability to be fabricated. Powder metallurgy (PM)
techniques are commonly used to fabricate W components.
However, parts with complex geometries are challenging to
manufacture by PM techniques due to the limitation in mold/die
geometry. Moreover, porosity is a common defect in PM-
fabricated parts due to the high melting point of tungsten alloys.
Thus, AM can be considered a promising candidate for the fab-
rication of fully dense W components with complex geometries.
Marinelli et al. [191] fabricated defect-free parts from pure W
wires by a GTAW-AM technique using a front wire feeding ap-
proach. Both the grain structure and the number of structural
defects (such as gas-trapped pores, keyholes, and lack of fusion)
were reported to be highly dependent on the orientation of the
wire feeding [191]. In another study, Zhong et al. [142] used
an LDED technique to fabricate a collimation component from
pure W and W-Ni powder. No cracks or pores were observed in
the microstructure of the as-deposited parts [142]. Both tensile
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strength and elongation of LDED W-Ni alloys are enhanced by
the addition of Fe, and Co [141].

111, 113, 236, 109, 144, 145, 76| GMAWI[I6331615160]]
206 208 deposits. Eliminating these defects i a challenge that

ing explored are HlPing [115, 271, 272, 134, 199, 202, 273],

3. Fabrication platforms

This section introduces various considered fabrication plat-
forms for the AM techniques discussed in Section 2, that were
commonly found in the literature. For the context of this paper,
an AM fabrication platform was considered as any actuated me-
chanical platform capable of carrying, translating, and poten-
tially re-orienting a deposition system—such as a laser cladding
head or a GMAW torch-with the desired accuracy. Alterna-
tively, the system can be designed to translate and re-orient the
substrate plate onto which components are printed or a combi-
nation of both re-orientation of the substrate plate and transla-
tion of the deposition system. The platform can be programmed
to carry out deposition trajectories, including the complete in-
tegration of the deposition system, where parameters can be ad-
justed, and deposition can be activated and deactivated.

Various system types are reviewed in this section, and their
suitability towards scalable, support-less, large-scale metal AM
are assessed.

Support-less print-
ing is the aforementioned ability of a platform to re-orient
a component during fabrication sufficiently to enable multi-
directional deposition, which allows for support-less printing
through re-alignment of the print direction with the gravity vec-
tor. The scope of the reviewed systems in this section is limited
to systems capable of multi-directional deposition. It should
be noted that the materials for each referenced publication are
listed in Table 5. However, Mg, Cu, Co-Cr, and tungsten alloys
were not mentioned in any of the referenced works and will not
be included.

Multiple groups of researchers—Anzalone et al. [280], Nil-
siam et al. [281], and Lu et al. [282]-introduced open-source
fabrication platforms where the substrate plate is actuated by
a parallel mechanism, which allows for 5 degrees of freedom
(DOF) motion enabling multi-directional deposition. The sub-
strate plate can be translated in all three directions (X,y, and z
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Table 4: A summary and comparison of various fabrication platform types.

DOF DOF
Platform type (dep. (build Advantages Disadvantages References
head) plate)
- Existing process planning meth- - Limited scaleability
5-axis CNC 3trans. 2 orient. ods . - Deposition system limited 101, 3 576
- Good transitional technology translation 277 278
- High component mass - Relatively expensive 279i ’
- Limited scaleability
Parallel mechanism 0 3 trgns., - Cost-effective - Limited build plate orientation [280, 281,
2 orient. angles
.o 282]
- Limited component mass
- Limited scaleability
Serla! mampulator 3 tra}ns., _ High-DOF build plate - Deposn.lon system limited to (283, 284]
carrying build plate 3 orient. translation
- Limited component mass
- Deposition system orientation
6-axis se.r. mar}lp ’ 3 trgns., 2 orient. can be changed - Relatively expensive [18, 36, 37,
and 2-axis positioner 3 orient. - Scaleable
. 16, 38]
- High component mass
Table 5: Sample of materials used in the various pieces of work discussed in Section 3
Steel Ti Al Ni Non-metals Not Mentioned
[16, 22,23, 36, 37] [278] [278,281,285] [278] [283, 284, 286] [18, 39, 279]

[278, 280, 282, 276, 277]

planes) and rotated about the two horizontal coordinates. The
rotational capabilities are, however, not utilized when fabricat-
ing sample components with the proposed systems. In each sys-
tem, the deposition system (a GMAW torch) is rigidly mounted
above the actuated substrate plate. The system proposed by
Anzalone et al. is shown in Figure 7b. Each of the systems
is highly cost-effective at the proposed scale and type of hard-
ware used. However, these systems have a limited build vol-
ume and re-orientation angles, making them ill-suited for larger
parts. Another limitation is the limit of payload scaleability as
the build plate’s actuation system carries the full weight of the
build.

Another system found in the literature capable of 5-axis AM
is standard CNC milling systems retrofitted with a deposition
system such as a GMAW or an LDED cladding head, intro-
duced in Section 2.1 and Section 2.3 respectively. CNC milling
machines have existing process planning and computer-aided
manufacturing (CAM) infrastructure that can be integrated with
these deposition systems, making them a popular industrial
choice. This established pipeline of technology will be impor-
tant in streamlining commercial 5-axis AM systems, especially
for components of a limited size. Panchagnula ef al. mounted
a GMAW torch on the side of their CNC milling system’s tool
spindle, allowing the torch to be moved in three translational

13

dimensions. Furthermore, the CNC milling system is equipped
with a 2-axis positioner (see Section 7a), enabling the substrate
plate to be tilted and rotated. The combined total of 5 DOF al-
lows for multi-directional deposition and, therefore, the fabrica-
tion of support-less components [22, 23]. A further 5-axis metal
AM platform, where a CNC milling system was retrofitted with
a laser cladding system was introduced by Tabernero et al. and
Calleja et al. [276, 277], with similar capabilities as Panchag-
nula et al.

In addition to the above-listed 5-axis platforms, there are also
commercialized 5-axis hybrid platforms for metal AM available
such as the Mazak INTEGREX i-400 AM [278] and the DMG
Mori LASERTEC 65 3D hybrid [279]. Each of these two plat-
forms is equipped with an LDED deposition system and a tool
spindle. A component is first fabricated, or a feature is added to
an existing component through AM. The finished component or
feature is then finalized by milling the surfaces to an accurate
size. This combination of additive and subtractive manufactur-
ing is gaining popularity in the industry due to the lack of geo-
metrical constraints of AM coupled with the surface tolerances
offered by subtractive manufacturing. This offers unique capa-
bilities that are currently not achievable with either technology
alone.

Another platform that can potentially be utilized for metal
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Figure 7: Examples of AM platforms with multi-directional deposition ca-
pabilities. (a) A 5-axis WAAM platform [23], (b) a parallel-mechanism-based
WAAM system [280], (c) a 6-axis robotic polymer AM platform [284], (d) an
8-axis robotic LDED platform [16], (e) a collaborative multi-manipulator plat-
form [286].
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AM was first introduced by Wu et al. and Dai et al. and is
shown in Figure 7c. The platform consists of a 6-axis serial
manipulator and a rigidly mounted deposition system above the
manipulator. The substrate plate is mounted on the tool flange
of the manipulator and can be moved in 6 DOF, allowing for
multi-directional deposition [283, 284]. While both Wu and
Dai et al. utilized polymer extruders as a deposition system,
simple modifications could render it to be compatible with the
metal deposition systems introduced in Section 2. One inher-
ent limitation of this proposition is that the size of the com-
ponent is constrained to the maximum payload of the manip-
ulator, possibly limiting the scalability to large metallic parts.
[18, 36, 37, 38, 16, 39]

A better-suited metal AM fabrication platform uses a large-
scale serial manipulator to carry the deposition system (6 DOF),
while the components are fabricated on a two-axis positioner
(2 DOF) such that the overall systems offers 8 DOF. These
systems have various advantages over the reviewed parallel,
5-axis gantry-based, and 6-axis manipulator-based platforms.
An advantage compared to 5-axis systems is that the deposi-
tion head’s orientation can be changed in all three rotational di-
rections when a 6-axis manipulator carries the deposition sys-
tem. This capability to change the orientation also facilitates
tangential continuity, allowing for smoother surface finishes
and optimizing the feeding angle of material into the melt pool
while maintaining alignment with the gravity vector for multi-
directional deposition. During GMAW-based deposition, for
example, specific drag or pull angles can help achieve the de-
sired bead geometry. Another significant advantage, which has
been appreciated since the 1980s for welding complex, curved
contours is the redundancy of the 8-axis manipulator and posi-
tioner combination. Redundancy in the context of a kinematic
system is when more degrees of freedom are available than are
required to complete the desired task. Thus, redundancy im-
plies kinematic advantages such as enhanced relative reachabil-
ity and dexterity between fabricated components and deposition
systems.

The coordinated motion between manipulator and positioner
offers the following advantages: reduction of execution time,
added flexibility in motion optimization and collision avoid-
ance, maximization of the manipulator workspace, and the abil-
ity to track smooth corners using smooth paths [287]. Gener-
ally speaking, manipulator/positioner combinations have been
used for welding applications for over 30 years. Therefore, us-
ing these platforms for DED deposition is a natural extension
of robotics research, where prior research can be utilized seam-
lessly.

The first example of using an 8 DOF system for DED was
proposed by Dwivedi et al., where radial components were fab-
ricated using multi-directional deposition. The authors used a
powder-based LDED system for metal deposition [18] mounted
on the manipulator’s tool flange. Ding et al. [36, 37, 16] (see
Figure 7d) and Zheng et al. [38] proposed equivalent platforms
also using powder-based LDED as deposition systems. Ding et
al. explored the augmentation of a 6-axis manipulator with a 2-
axis positioner, totaling 8 DOF for multi-directional deposition,
as shown in Figure 7d. The author eliminated the need for sup-
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port structures while fabricating a propeller, which consisted of
a core volume (a shaft) and radially overhanging features (pro-
peller blades). Such a component is difficult to manufacture
using conventional subtractive manufacturing [16]. Platforms
utilizing arc-welding-based deposition technologies have been
less explored in combination with 8-axis motion platforms than
LDED-based deposition. Such a platform was used by Ma et
al. for experimental trials with Aluminium [39]. Moreover,
in a collaborative effort between the University of Alberta and
InnoTech Alberta in Edmonton, Canada, a robotic large-scale
WAAM platform—as shown in Figure 1-has been put in use by
the authors of this work and initial research on parameter iden-
tification towards the optimization of deposition parameters is
currently being conducted [62]. An interesting extension for
robotic large-scale metal AM is the use of multiple mobilized
manipulators, each carrying a deposition system. Research on
such a platform in the area of civil engineering for fabrication of
concrete components using AM has been conducted by Zhang
et al. The researchers propose a platform consisting of two 6-
axis manipulators, each mobilized by a holonomic mobile plat-
form where a concrete deposition nozzle is mounted on each
manipulator’s tool flange (see Figure 7e). A holonomic mo-
bile platform can translate in any direction (sideways or for-
ward) without the need to change the orientation of the plat-
form, which means that the manipulators can reach any loca-
tion within the fabrication space at an optimum duration and
trajectory. Zhang et al. identified that the most significant ad-
vantage of this platform is the ability to fabricate components
larger than the reach of one manipulator. The mobility aspect
of the platform extends the reach of each manipulator, signif-
icantly enhancing the scalability and duration of fabrication.
The extent of the scalability can be enhanced by increasing the
number of mobile manipulators to the system. Some of the as-
sociated research challenges are robot localization, multi-robot
coordination (e.g., swarm intelligence) and collision-free mo-
tion planning, and robot placement accuracy and optimization
[286]. While Zhang et al.’s proposed platform is not capable of
multi-directional deposition, a multi-manipulator platform can
also be augmented with a large-scale multi-axis positioning sys-
tem in order to facilitate multi-directional deposition.

4. Process planning

Process planning refers to converting a 3D model of a compo-
nent to an optimal manufacturing strategy prior to fabrication.
An integral part of this strategy for multi-directional large-scale
AM is avoiding support structures as commonly required for
2.5 DOF AM. Depending on the geometric complexity of the
overhanging features, the 3D model is decomposed into sub-
volumes typically consisting of a core volume and multiple
overhanging features. These are then sliced into cross-sectional
layers, followed by the generation of an optimized deposition
tool path for each layer. An example of such a process planning
sequence is shown in Figure 8 [16]. This example shows the
decomposition of a propeller where a clear separation between
core volume (shaft) and the overhanging features (propeller
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blades) can be found. For many other components, however,
this separation is less obvious or nonexistent (see Figure 9).

After slicing is complete, a deposition tool path is computed
that fills the required areas of each layer with material. Using
a numerical model, the bead geometry (bead width and height)
required to fill the layer to a predetermined height is correlated
to a set of deposition system parameters, including the mate-
rial feed rate, deposition system speed, and dwell times. The
magnitudes of these parameter values depend on the material
and deposition technology being used. This information is then
provided to the fabrication platform, theoretically allowing for
unsupervised deposition.

In order to fully exploit the possible advantages of large-scale
robotic AM, the systems and algorithms for the automated pro-
cess planning of near net shape components need to be capable
of decomposing complex volumes into sub-volumes. Addition-
ally, the algorithm must account for the multi-directional and
non-planar slicing of these volumes, and the tool path and robot
joint trajectory planning, including collision avoidance [288].
The substantial work that has been done towards this objective
will be discussed herein. First, state of the art in volume decom-
position and slicing will be reviewed (Section 4.1), followed by
the established tool path generation methods for planar layers,
as many of these tool path generation strategies constitute a ba-
sis for further research on tool path planning for non-planar lay-
ers. Finally, some open-source software frameworks for robot
joint trajectory planning and collision avoidance are reviewed
in Section 4.3. It should be noted that all of the materials that
were used in the reviewed studies have been summarized in Ta-
ble 6; however, Co-Cr and W were not included.

4.1. Volume decomposition & slicing for multi-directional de-
position

Some of the first researchers to recognize the need for an ad-
vanced process planning framework capable of decomposition
and multi-directional slicing of complex 3D models with over-
hangs were Sing, and Dutta [17]. The objective of their pro-
posed method was to improve the surface accuracy and reduce
the support volume through multi-directional deposition. The
decomposition sequence is as follows:

1. choose a build direction; by default along the component’s
Z direction to avoid collision of the deposition head with
the table,

2. identify and decompose overhanging features (often re-
ferred to as “unbuildable structures” in the literature) in
build direction,

3. determine the build direction for each sub-volume, and

4. sequence and slice each sub-volume along its computed
build direction.

At the core of the approach is a recursive volume decomposition
scheme meaning that overhanging features within sub-volumes
are also identified. The performance of the proposed process
planning framework was shown on two example 3D models,
but no components were fabricated. Dwivedi ef al. proposed
a framework for automated process planning for LDED [18].
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Table 6: Materials used in the various pieces of work discussed in Section 4

Steel Ti Al Ni Mg Non-metals Not Mentioned
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Figure 9: Examples of 3D models of varying complexity with a) a radial com-
ponent with easily separable overhangs [289], b) and ¢) more complex compo-
nents with less clearly separable overhangs [284].

The process planning framework is based on first-order logic
and a knowledge base consisting of rule and fact attributes rep-
resented by a semantic tree structure. The authors of the study
successfully verified their framework on a radial component
consisting of 5 helical blades. Ruan ef al. proposed a method
using the centroid axis of a component to compute the depo-
sition direction to produce collision-free slicing directions for
multi-directional deposition [291]. The basic tasks are defined
as

1. centroid axis computation and formation, and
2. collision-free multi-axis slicing based on the centroid axis.

The detection of change in build direction—and therefore slicing
direction—is based on the degree of shift from the centroid axis.
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Figure 10: Schematic representations of a) a concave edge and b) a concave
loop as defined in [290]. (Image source: [290])

The slicing algorithm can produce layers of non-uniform thick-
ness, thus requiring the deposition system to be capable of pro-
ducing beads of varying geometry. The algorithm was verified
on a 3D model of a hinge with overhangs on a multi-axis LDED
fabrication platform. Ren et al. identified limitations with
the previous centroid-axis-based decomposition algorithms for
certain corner cases of axis-symmetric overhanging structures
where no shift in the centroid axis occurs. Thus, an algorithm
combining the centroid axis-based and boundary-based decom-
position methods—where concave edges and loops marking the
interface between core volume and overhanging feature (see
Figure 10)—of the type as previously proposed by Singh and
Dutta [17] was introduced [290]. Furthermore, the authors pro-
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Figure 12: Flowchart of an example process plan similar to the one devised by
Ding et al. for propeller fabrication [16].

posed a method for representing layers of non-uniform thick-
ness by further decomposing the non-uniform layer into uni-
form sub-layers of a smaller cross-section than the parent layer.
The algorithm was verified by fabricating a turbine wheel with
a conical shaft and winged blades on an LDED platform.

In order to further improve non-planar interfaces between a
core volume and overhanging feature, Singh and Dutta further
extended their previous work on multi-directional deposition
[17], by introducing so-called offset slices, which are essen-
tially non-planar layers [301]. The concept of offset slices is
illustrated in Figure 11. If the base surface is non-planar, which
is frequently the case for radial components with overhanging
features, the build quality of the overhanging features can be
significantly improved when each layer follows the same con-
tour as the core volume and subsequently the previous layer.

In order to simplify process planning and fabrication of spe-
cial cases of components with overhanging features contain-
ing holes (see Figure 9a), Ding et al. proposed a framework
that fills all holes and protrusions within the 3D model prior
to decomposition [289]. The volume decomposition itself is
boundary-based, whereas, with previous algorithms, concave
loops and edges are detected. After decomposition, each sub-
volume is sliced into planar layers according to the identified
build direction. The framework was not verified experimen-
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tally. Furthermore, due to the hole-filling operation prior to de-
composition, additional post-processing is required to drill the
holes.

Ding et al. introduced a process planning framework for ra-
dial components such as propellers or impellers [16], shown in
Figure 12. The decomposition algorithm is based on silhouette
edges, as first introduced by Singh and Dutta [17], and Dwivedi
et al. [292]. The algorithm is similar to previously proposed
boundary-based algorithms as it looks for concave edges and
loops on the core volume. Slicing is divided into two steps (see
Figure 8):

1. planar slicing of the core volume, typically a cylindrical
volume for radial components and

2. mapping of the overhanging feature’s curved geometry
from a cylindrical to a cartesian coordinate system to allow
for a planar representation of each curved layer, similar to
the principles proposed by Singh and Dutta [301].

The process planning framework was verified on a 8-DOF robot
LDED platform (see Figure 7d) by fabricating the propeller
model shown in Figure 8.

It should be noted that all of the frameworks for process
planning reviewed up to this point can only process compo-
nents where the overhanging features are sharp concave edges
or concave loops (see Figure 10), meaning that they are distin-
guishable from the core volume. The works reviewed in the
following, however, propose process planning algorithms and
frameworks designed for volumes with non-sharp edges that
are more difficult to decompose (see Figure 9b and Figure 9c).
Wau et al. introduced an advanced volume decomposition algo-
rithm capable of processing volumes that are not composed of a
distinguishable core and overhanging volumes (see Figure 13a)
[283]. The decomposition algorithm consists of 3 major steps
as illustrated in Figure 13:

1. Coarse decomposition: A skeleton is generated based on a
mean-curvature flow algorithm (see Figure 13b) followed
by the computation of a distance metric—the shape diame-
ter function (SDF)-between volume boundary and skele-
ton (see Figure 13c) and partitioning the mesh using the
distance metric based on [302]. The partitioning algorithm
identifies significant differences in the SDF and creates a
boundary plane where the change occurs. When consider-
ing the bunny model, a significant change in SDF can be
found at the bunny’s neck, ears, and tail.

2. Sequence planning: A graph is constructed that defines the
preliminary build sequence—nodes are the sub-volumes—
and the print orientation for each sub-volume is deter-
mined (see Figure 13d). The preliminary build sequence
iSA+-B—+C—D—E

3. Constrained fine tuning: The decomposition is refined
and re-configured to satisfy manufacturing constraints (see
Figure 13e and Figure 13f). For example, the bunny tail
as labelled B in Figure 13d can not be manufactured with
the platform shown in Figure 7c due to inaccessibility. It,
therefore, needs to be merged with A. In addition, A * needs
to be separated into H and K since the belly of the rabbit
is an overhanging feature.
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Figure 13: The volume decomposition algorithm proposed by Wu et al. [283] with a) the input 3D model, b) the extracted skeleton, c) the shape diameter metric
(distance of every point to skeleton), d) the result of initial decomposition and sequence planning, e) after merging (B into A), and f) the final result after fine

decomposition to ensure manufacturability. (Image source: [283])

(a)

Figure 14: The volume decomposition algorithm proposed by Dai et al. [284] with a) the input 3D model, b) after voxel discretization and voxel sequencing where
the color scheme represents the fabrication sequence by layer, ¢) generated curved layers based on (b), and d) a detailed view on a computed tool path. (Image

source: [284])

The decomposition algorithm was verified experimentally on a
robotic AM platform equivalent to the one shown in Figure 7c.

One limitation of Wu et al.s work is that it relies on planar
layers, which imposes constraints on the manufacturability of
more complex components (see Figure 9c). Dai et al. proposed
a novel method utilizing curved layer decomposition relying on
dimensionality reduction [284]. The algorithm is separated into
the following steps as illustrated in Figure 14:

1. Discretization of the input model into a voxel grid—a dis-
cretization into small cubes—where the voxel dimensions
are determined by the deposition system’s resolution (Fig-
ure 14b). This is done to reduce the computational load on
the following steps since the volume decomposition of the
input model is posed as a global search problem.

2. Sequencing of the voxels to obtain a sequence of voxel
accumulation representing the flow of fabrication. By iter-
ating over all voxels, satisfying manufacturing constraints
can be significantly simplified. The color scheme shown
in Figure 14b represents the voxel sequencing by layer.

3. Computation of each curved layer while avoiding voxel
aliasing (see Figure 14c).

4. Computation of a tool path for each layer using the method

introduced by Zhao et al. and based on Fermat spirals
[296] (see Figure 14d).
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This algorithm was also verified experimentally on a robotic
AM platform equivalent to the one shown in Figure 7c. The
limitations of the algorithm identified by the authors include
the reliability of thin-feature deposition, fabrication errors due
to the used hardware, and voids in the filling patterns of the tool
path planning algorithm.

Despite the limitations of the frameworks and algorithms
proposed by Wu et al. and Dai et al., their works contain impor-
tant contributions to process planning of complex models with
significant adoption potential to metal AM.

4.2. Tool path planning

Once the component has been decomposed and sliced into
cross-sectional layers, the optimal path to accurately deposit
the material within the boundaries of the cross-section is com-
puted. This process is known as tool path planning. An opti-
mized deposition path planning strategy results in dense parts
with minimized residual stress, free of any porosity, better con-
trol of anisotropic microstructures, mitigation and minimiza-
tion of heat accumulation, geometrical accuracy, and a smooth
surface finish [24]. In order to develop an optimal deposition
path planning strategy, features that are unique to the various
kinematic systems and deposition technologies (consistency of
deposition, motion delay, dynamics, lag) need to be considered.

1140

1142

1144

1146

1148

1150

1152

1154

1156

1158

1160

1162



1164

1166

1168

1170

1172

174

1176

1178

1180

1182

1184

1186

1188

1190

1192

1194

1196

1198

1200

1202

1204

1206

1208

1210

1212

1214

1216

1218

Notably, the varying delays and inaccuracies in deposition sys-
tem motion (especially for larger systems with increased mass)
and material deposition (material feeding, melting) that are dif-
ficult to predict can cause unwanted variations on the rate of
deposition and therefore complicate path planning significantly
[47]. Inter-layer dwell time, start-stop minimization, smooth
directional changes, as well as minimization of weld path cross-
overs, are some of the commonly adopted strategies to mitigate
these complications [47, 49, 293]. Towards the development
of an optimized path planning strategy, Ding ef al. identified
various requirements for WAAM such as geometrical accuracy,
minimization of start-stop points, minimization of rapid direc-
tional changes caused by sharp corners in every tool-path pass,
and simplicity allowing for fast implementation [47].

Ding et al. reviewed various path planning methods with re-
spect to their suitability for WAAM, using the above-mentioned
evaluation criteria. Among the reviewed path planning algo-
rithms are: Raster [303], Zigzag [304, 305], Contour [306, 307,
308], Spiral [297, 309], Fractal Space Filling Curve [298, 310],
Continuous [310, 299, 300] and Hybrid (Combination of con-
tour and zig-zag) [294, 19]. However, Raster (see 15a), Zig-zag
(see 15b), Contour (see 15c¢), Fractal (see 15e) and Spiral (see
15f) should be entirely avoided for metal AM due to the many

issues listed by Ding et al. [47]. Rasteriand Zig*zag suffer

Hence, these methods will not be reviewed in detail in this sec-
tion.

The Hybrid method (see Figure 15h) is a combination of the
Contour and Zig-zag methods in that first, the contour of the
layer boundary is traversed followed by filling the interior of
the layer with the Zig-zag and Contour method (see 15d). As
this method combines the advantages of the Zig-zag and Con-
tour methods, it is particularly promising for WAAM as it meets
both the geometrical accuracy and surface quality. According to
Ding et al., the Hybrid method is still insufficient due to the in-
creased amount of tool-path passes and tool-path elements [47].

Ding et al. therefore proposed a novel tool path planning
method intended to address the limitations of the previously
proposed methods [47] and to conform with the aforementioned
requirements: geometrical accuracy, minimization of start-stop
points, minimization of rapid directional changes, and simplic-
ity of implementation. The method is henceforth referred to as
Convex Polygon Generation (CPG, see Figure 151). In order
to generate a set of simpler convex or monotone sub-polygons,
and to simplify the implementation of path generation for each
sub-polygon, a polygon decomposition algorithm first decom-
poses each 2D slice via a divide-and-conquer strategy. Then the
Hybrid path planning method is used for tool path generation
due to the aforementioned advantages of this planning method.
After tool paths are generated for each sub-polygon, the sub-
paths from each sub-polygon are connected into a closed curve
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that spans the entire layer, thus minimizing start-stop points
[47]. This algorithm extends the Hybrid path planning method
to polygons with an arbitrary complexity through convex poly-
gon decomposition. As this method, however, also utilizes the
Zig-zag method for space-filling, voids can still occur [47, 49].

To address the issue of voids while retaining geometrical ac-
curacy, Ding ef al. proposed a method based on Medial Axis
Transformation (MAT), or also referred to as skeletonization, as
depicted in Figure 15j [48]. MAT was first proposed by Blum to
describe shapes [311] by generating tool paths in a contour-like
fashion from the center outwards along a skeleton to the bound-
ary of the geometry. First, the skeleton or the branch lines are
generated, followed by the generation of loops representing the
tool paths at a given step-over distance, which is the distance
between passes representing the resolution of the deposition
system [48]. With this method, the occurrence of voids is min-
imized. However, there are some disadvantages, such as start-
and stop points and discontinuities at the geometry boundaries
and deposition beyond the geometry boundaries [49]. While
these deficits can be mitigated by post-process milling, they es-
sentially limit the MAT path planning method to hybrid manu-
facturing.

Further iterating on their previous work with the objective
of addressing the deficits raised with MAT, Ding et al. pro-
posed adaptive MAT [49]. The difference being that the tool-
path elements are designed so that the contour of the geometry
boundary is followed and discontinuous path segments are min-
imized (see Figure 15k). Benefits of adaptive MAT include the
capability of generating continuous tool-path elements and fol-
lowing the geometry contour, void-free layers, good geometri-
cal accuracy, and thus minimal post-milling, and suitability for
thin-wall structures. For adaptive MAT to produce void-free
deposition, the bead geometry must be able to be varied in-situ.
To facilitate bead geometry adjustment, Ding ef al. developed
a Neural-network-based model that takes the desired bead ge-
ometry as an input and outputs welding parameters that signif-
icantly influence the bead geometry. Moreover, the adaptive
MAT algorithm is experimentally validated using the proposed
deposition model [295].

In summary, some of the variants of Contour-based algo-
rithms such as Hybrid, CPG, and adaptive MAT are preferred
over raster or pure Zig-zag algorithms since they are more suit-
able for thin wall structures and allow for improved geometric
accuracy, void-free deposition, and minimization of start-stop
discontinuities in tool paths. Among the more suitable tool path
planning methods, adaptive MAT is preferable from the aspects
of void-freeness and accuracy if in-situ bead geometry adjust-
ments are possible or feasible for a given deposition system.

A further tool path planning method specifically designed
for the particular case of thin-walled structures with varying
thickness was proposed by Ma et al. [39]. Adjustment of the
wall width is achieved through a weaving trajectory where the
weaving amplitude is the same as the width of the thin wall.
After computing the skeleton of the polygon, the centerline is
then obtained (see Figure 151), which constitutes an approxima-
tion of the polygon’s median axis. During deposition, the torch
weaves about the centerline in a triangular way, as illustrated
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(i) CPG, (j) MAT, (k) Adaptive MAT, and (1) Straight skeleton and weaving deposition strategy.

in Figure 151. The authors of the study successfully fabricated
multiple thin-walled components with gradually varying wall
thickness through this weaving technique.

4.3. Software frameworks for robotics hardware interfacing &
trajectory planning

As can be seen from this section, process planning is an inte-
gral part of robotic metal AM and involves many algorithms
and software components. The cascade of complex software
needs to interface and exchange information efficiently to pro-
vide robust performance while simultaneously providing flex-
ibility, modularity, and reusability to integrate new algorithms
and software in a research environment. For robotic research
platforms, the used software frameworks facilitating novel re-
search need to be as open as possible. This enables maxi-
mum flexibility and customization for each software compo-
nent across research groups within the toolchain and facilitates
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the integration of custom hardware (HW).

A popular open-source software framework and middleware
providing such a software ecosystem for advanced robotics re-
search is the Robot Operating System (ROS). ROS is leveraged
for wide varieties of robotics research and provides structured
messaging between software components, robot-specific tools
and libraries, various visualization and convenience tools, HW
abstraction, low-level device control, and tools and libraries for
obtaining, building, writing, and executing code (see [312]).
ROS, therefore, simplifies and facilitates robotics research and
software development significantly. The ROS software package
Movelt!, for example, provides interfaces to sophisticated path
planners for free-space motion and inverse kinematics solvers
for industrial robot arms such as the one shown in Figure 1.

In recent years, multiple open-source software frameworks
have been developed within the ROS ecosystem for the plan-
ning of complex cartesian trajectories with an emphasis on in-
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dustrial robotics applications such as welding, routing, milling,
deburring, and grinding. In 2015, Edwards et al. introduced
a path planning software package called Descartes for semi-
constrainted cartesian trajectory planning [313]. The software
takes a 6-DOF cartesian trajectory that can be under-defined
and is generated for any industrial application. Under-defined
means, for example, that there is no rotational constraint on the
rotation about the vertical axis of a welding torch. This enlarges
the inverse kinematics solution space such that there are more
options for the joint trajectory planner to avoid collisions.

Armstrong introduced a further cartesian path planning stack
(collection of packages) called Tesseract for complex industrial
motion planning applications with flexibility and modularity in
mind [314]. The stack offers features such as fully and semi-
constraint cartesian motion planning and free space planning.
A significant advantage of this package, particularly towards
multi-directional deposition, is its capability to plan collision-
free trajectories between two moving coordinate frames, there-
fore enabling planning of coordinated motion between a posi-
tioner and manipulator (see Figure 1).

While there is currently an open-source robotic AM soft-
ware framework available (ROS AM) [315], providing limited
2.5-DOF slicing capabilities, tool path visualization, and AM-
specific message definitions, significant limitations exist. Be-
sides being limited to 2.5-DOF AM, there is no generalized,
hardware-agnostic, and computer-integrated interfacing with
the hardware available since post-processors generate instruc-
tions written in a hardware-specific language that only allows
for open-loop execution.

5. In-situ process monitoring, modeling and control

Commercializing large-scale AM systems will require a high
degree of self-regulation and automation to eliminate the need
for highly skilled personnel to operate and monitor the fabri-
cation process. To maintain compliance to mechanical, metal-
lurgical, and geometrical specifications and design constraints,
the bead geometry, layer geometry, weld pool temperature, and
cooling rate need to be controlled in real-time as the component
is fabricated (in-situ). A significant proponent of this is dictated
through the optimization of the operating parameters based on
the material system and the proposed tool path. Changes to
the systems heat input (welding current/voltage, laser power),
material feed rate, and deposition system travel speed can dras-
tically alter the geometry of the bead of deposited material and
ultimately the success of the manufacturing process. During
the fabrication stage, sensors and optical systems can be used
to monitor measurable aspects of the deposition and use this
information as feedback to control the operating parameters of
the fabrication platform. This allows for better adherence to
the desired tool path generated during process planning while
detecting and mitigating any defects created by non-ideal tool
path planning (voids, gaps).

A basic control scheme for in-situ control of metal AM pro-
cesses is shown in Figure 16. Process monitoring and control
of the AM fabrication platform can be divided into three cat-
egories: condition monitoring, build monitoring, and environ-
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mental condition monitoring. The first category impacts the
outcome of deposition and includes the power source (arc volt-
age and current, laser power, etc.) for heat input assessment,
material feed rate and deposition head motion speed for depo-
sition rate estimation and evaluation, and shielding gas flow for
oxidation level determination. This is achieved using electrical
sensors to monitor instantaneous voltage and current, mechani-
cal sensors for positional and feed rate estimation, and flow sen-
sors for various fluid flow rates. The second category includes
observation of the following conditions: geometric shape, build
temperature, cooling rate, heat accumulation, melt pool state,
and inferred metallurgical considerations. The typical sensing
modalities include:

1. Optical sensors for evaluation of bead and layer geometry
(profilometer, 3D scanner, charged-coupled device (CCD)
& complementary metal-oxide-semiconductor (CMOS)
cameras),

2. thermal sensors (infrared (IR) camera, pyrometers &
thermo-couples) for molten pool condition and tempera-
ture monitoring, and overall build temperature monitoring.

Structural defects (absence of fusion, porosity, and cracks)
can be evaluated by acoustic signal propagation measurement
inside the part or even radio-graphic reflections. The third cate-
gory can entail arc image, O, concentration, and acoustic prop-
agation in the working area [293, 47, 49]. It should be noted
that only optical and thermal sensors will be discussed explic-
itly in this paper. One of the main problems with monitor-
ing and control of automated arc welding is the fusion of all
the data in association with machine, component, and environ-
ment, which are time-variant and nonlinear transduction quan-
tities [69, 48, 70].

Some literature review works on in-situ sensing and control
have previously been published. Tapia and Elwany reviewed
multiple sensors primarily utilized to conduct studies on moni-
toring of metal-based AM [317]. Purtonen et al. also presented
an overview of monitoring and control techniques used laser-
based metal AM [318]. Everton et al. reviewed AM in-situ
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Figure 16: A basic monitoring and control schematic for robotic metal AM processes.

identifying defects and part discontinuities.

This section will review how monitoring technologies are
used in AM to provide feedback to the control algorithms that
adjust bead geometry, melt pool temperature, and the layer sur-
face geometry. More specifically, the physical monitoring sys-
tems and control algorithms proposed for wire-and-arc-based,
plasma-based, and laser-based deposition technologies will be
outlined and discussed. This will be followed by the work
that has been done on the mathematical and physical models
of these systems and how the two fields are coupled. It should
be noted that due to differences in the physical nature of the
different heat sources, not all of the sensor and optical systems
are compatible with both laser and arc deposition systems.

5.1. Bead geometry

When joining two components using welding, the need for in-
situ inspection of the welding bead geometry arises from the
need to detect weld defects, as these typically lead to topologi-
cal variations on the surface of the bead. This need to monitor
and control the shape of the weld bead also extends to metal
AM as an important means to ensure the quality of an addi-
tively manufactured component during fabrication. Observing
and controlling the bead’s adherence to the desired geometry
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Figure 17: The operating principle of a laser line scanner (profilometer). (Im-
age source: [350])

(width, height, and curvature) determined during process plan-
ning is essential to avoiding voids, porosity, and geometrical
inaccuracy of the final build. Bead height is also important to
maintain a constant distance between the deposition head noz-
zle and the melt pool, known as the stand-off distance. For
welding techniques, the stand-off distance dictates the voltage
of the system.

One of the most common sensing methods used for detect-
ing weld defects is based on laser line scanners (also referred
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Table 7: Materials used in the various pieces of work discussed in Section 5

Steel Ti Al Ni Mg Cu Co-Cr w Non-metals Not Mentioned
[293, 47, 49, 48, 70, 317, 318]
21,32
(319, 320, 321, 322, 323, 324, 323] [293, 69, 317, 318, 319, 340, 341, 342]  [293, 317,318,319, 343,337] [293,317,318,319] [293,317,318] [317,318] [317,318] [317,318] [344,345] [346, 347, 348, 349]

[326, 327, 328, 329, 330, 331, 332]
[333, 334, 335, 336, 337, 338, 339]

to as profilometers) that are mounted on the deposition head
and observe the cross-section of the bead’s geometry (height,
width, curvature) almost directly after deposition [346, 347].
Profilometers are now standard equipment in the manufactur-
ing industry for various inspection tasks due to their high ac-
curacy (~0.02 mm), high sampling rate (~1kHz), and ability
to obtain the complete geometry of the bead cross-section, thus
giving direct feedback on deviations from the desired bead ge-
ometry. Moreover, as the profilometer is moved along the bead
while continuously measuring the cross-section, a 3D profile of
the bead can be reconstructed to analyze surface defects, voids,
and gaps. The working principle of a commercially available
profilometer is illustrated in Figure 17. In the following para-
graphs, contributions to weld bead inspections using laser line
scanning systems are reviewed.

Early work on a method for in-situ measurement of bead ge-
ometry during wire-and-arc welding using a profilometer with
multiple deposited layers was introduced by Doumanidis and
Kwak [320]. The bead profile obtained from the profilometer
is used to validate a real-time analytical deposition model and
provide feedback to a closed-loop control system for bead sur-
face geometry control. Li et al. designed a scanning system and
algorithms for feature extraction and dimension measurements
to measure the dimensional properties of the weld, includ-
ing groove width, bead width, filling depth, and reinforcement
height, in root- pass and cap welding [346]. Flaws such as plate
displacement, weld bead misalignment, and undercut were de-
tected via the proposed feature extraction method. Huang and
Kovacevic also designed a scanning system for monitoring the
weld joint [347]. Furthermore, a computer-vision-based seam
tracking controller and a feature tracking algorithm were de-
veloped for tracking weld bead features such as the width and
height of the bead.

Many methods for bead geometry control utilize the above-
introduced monitoring modality. However, there are also
camera-based monitoring methods used for control feedback.
In the following paragraphs, the literature on bead geometry
modeling and control methods and algorithms is reviewed. It
should be noted that the optical vision system required some
neural and narrow-band filtering to remove the intensity of the
arc and allow for the observation of the weld pool [348].

Iravani-Tabrizipour and Toyserkani proposed a vision-based
system for in-situ measurement of clad height during LDED
[321]. A trinocular arrangement of three cameras pointed at the
melt pool at an angle of 120° allows for a measurement of the
melt pool from all directions. In order to infer the clad height,
the melt pool shape is extracted from the raw image, followed
by a perspective transformation. Then, detected elliptical fea-
tures are provided as inputs to a neural network, which maps the
shape of the elliptical features to the clad height. Experimental
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results show that the authors can obtain in-situ measurements at
arate of 10 Hz and with an accuracy of +0.15 mm.

Xiong and Zhang developed a passive-vision-based method
for measuring the bead geometry in-situ during multi-layer,
single-track GMAW-deposition of a thin wall [348]. A
schematic of the experimental setup is shown in Figure 18a.
The vision system captures a side and top view of the weld pool
and the solidification area after the weld pool. Basic image
processing techniques such as edge detection combined with
Hough transform are used to find the bead width and height.
Images with overlaid bead geometry detection are shown in
Figure 18b and Figure 18c. Validation experiments indicate a
relative error of 5.7% between the ground truth and the vision-
based measurement, which would be an error of 0.171 mm for a
bead height of 3 mm. The passive-vision-based bead geometry
measurement method proposed in [348] is then used by Xiong
et al. for in-situ feedback control of the bead width [322].
The control algorithm—a segmented neuron self-learning Pro-
portional Summational Differential (PSD) controller—takes the
measured bead width as feedback and adjusts the torch travel
speed to keep the bead width constant across layers. Distur-
bances in the bead width are due to variations in the shape of
the previous bead and the slumping of subsequent layers caused
by accumulating heat. The experimental results show that better
consistency in the bead width can be achieved across layers.

In a further application of the vision-based bead geometry
measurement method introduced in [348], Xiong and Zhang
propose a controller for layer height control [323]. This control
algorithm—an adaptive, model-based controller—takes the mea-
sured bead height as feedback and adjusts the deposition rate to
achieve a constant nozzle standoff distance and, by extension,
a constant bead height. The adaptive component of the con-
troller is based on a delayed first-order model and a controlled
autoregressive moving average model to describe the relation-
ship between deposition rate as input and nozzle standoff dis-
tance as output. The control system is comprised of two loops:
an inner loop for conventional feedback control of the nozzle
standoff distance and an outer loop for online identification of
the process parameters and adjustment of the inner loop con-
troller parameters. Noted bead height disturbances result from
inter-layer temperature and shape fluctuations of previous lay-
ers due to heat accumulation. It is shown experimentally that
the control algorithm maintains an accuracy of £0.5 mm.

In a further study, Xiong et al. used their previously de-
veloped vision-based bead geometry sensing system combined
with their previously proposed segmented neuron self-learning
PSD controller for adjusting the layer width [324]. The control
variable in their scheme is the torch travel speed, and a first-
order process model is considered. The experimentally verified
range of layer width was 6 to 9 mm and a mean absolute error
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of 0.5 mm.

In order to address the issue of poor accuracy when deposit-
ing beads with sharp corners, Li et al. also proposed an adaptive
process control scheme capable of guaranteeing a uniform bead
morphology during WAAM. In their scheme, the tool path is
divided into several segments at sharp corners [285]. For each
segment, a permissible travel speed, subjected to the dynamic
constraint, is selected, and the wire-feed speed is set before-
hand according to a process model. In this method, matching
the travel speed and the wire-feed rate leads to a uniform bead
morphology among different segments.

Many of the above-reviewed control schemes use models for
adaptive control of the various geometric features of the bead.
Models that can be used in real-time to predict the bead geom-
etry and related factors are important for adaptive and robust
control schemes. As a requirement, these models must supply
prediction updates at high sampling rates. Some suitable mod-
eling methods for real-time control are reviewed next. Pal et
al. developed models for the prediction of the bead geome-
try using a Back Propagation Neural Network (BPNN) model,
a Radial Basis Function Network (RBFN) model, as well as a
regression model [325]. The bead width and height were pre-
dicted as a function of process parameters, including pulse volt-
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age, back-ground voltage, pulse duration, pulse frequency, wire
feed rate, and RMS welding voltage and current. Akkas et al.
designed an Artificial Neural Network (ANN) and neuro-fuzzy
system for predicting the bead thickness and penetration area
while providing the three welding parameters of voltage, cur-
rent, and speed [326]. Ding et al. trained an ANN model to
specify welding parameters according to the bead width and
height during WAAM applications [343]. Li et al. proposed a
predictive ANN for specifying the offset distance of the beads
in order to control the real center distance of the side-by-side
beads according to the desired values of bead width, height, and
the center distance between the beads for the WAAM process
[327]. Rios et al. presented an analytical process model which
correlates layer width and height with the WAAM process pa-
rameters [340].

The limitation of camera systems such as the one introduced
in [348] is that the measurements are obtained at a low sampling
rate due to the need for computationally intensive image data
processing. A further drawback caused by the increased pro-
cessing time is a significant measurement time delay, which is
not feasible for fast-response control algorithms. Profilometers
are much more suitable for bead geometry measurement since
the bead geometry is detected directly and does not have to be
extracted from the pixel data of an image, thus increasing the
sampling rate. They can also provide a 3D profile of the bead
at higher resolution, which improves the accuracy of prediction
algorithms that use historical data to make predictions. Many of
the reviewed control algorithms that use cameras for feedback
(e.g., [322, 323]) could obtain the same feedback information
from profilometers at a higher sampling rate, possibly resulting
in a more responsive and accurate controller design.

5.2. Layer surface geometry

As each layer is typically comprised of deposited beads, defects
can be caused by inadequate process planning, such as inaccu-
racies in the overlapping model, voids caused by the path plan-
ning algorithm, parameter uncertainty, and deviations in depo-
sition caused by the dynamics of the robotic system. Therefore,
besides measuring and controlling the bead geometry, it is im-
portant to monitor the adherence of each printed layer surface
geometry to the desired geometry determined during process
planning and to ensure that voids and other defects are miti-
gated by modification of the subsequent layer’s tool path. A 3D
laser scanner can obtain a point cloud of the surface geometry
of a deposited layer.

In order to mitigate accumulating deviations of layer surface
geometry during a print using a wire-fed LDED system, Heralic
et al. developed a method for obtaining a 3D point-cloud of the
layer surface geometry by moving a profilometer across the part
after the completion of each layer [341]. 3D point cloud data
was used to control the layer height during the print using an
iterative learning controller (ILC). A comparison between an
open-loop (without deviation feedback) and closed-loop (with
deviation feedback) part print shows that the ILC can suppress
deviations that would lead to a failed print during open-loop
printing. The authors acknowledge that some issues exist with
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their used profilometer model as it was not designed for welding
applications.

Also, to detect deviations from a desired layer surface geom-
etry, Preissler ef al. devised a stereoscopic camera system using
the pattern projection method for polymer AM to obtain a 3D
point cloud from a top-down perspective of the layer surface
geometry after the completion of each layer [344]. Although
the system is developed for polymer AM, the same proposed
method is also fundamentally suitable for metal AM. Preissler
et al. then used their developed 3D scanner to compare the
desired surface geometry of the current layer to the measured
layer surface geometry [345]. The 3D point cloud data is suffi-
ciently accurate to detect deviations of 0.5% that can lead to a
manufacturing failure.

5.3. Melt pool temperature and geometry

The primary devices used for monitoring the melt pool tem-
perature and geometry are pyrometers, IR, CCD, and CMOS
cameras. The temperature and geometrical features of the melt
pool could be used as inputs to a predictive system, such as an
artificial neural network, to specify bead width and height, pro-
viding predictions for model-based predictive controllers. In
addition, thermal maps obtained from IR cameras may be used
for monitoring thermal dissipation, temperature gradients, and
thermal cycles throughout the build and the melt pool geom-
etry [69, 48, 70]. In this section, various proposed measure-
ment systems and control methods that use thermal and geo-
metrical measurements for feedback are reviewed for the vari-
ous deposition technologies. First, the literature on LDED is
reviewed, followed by the literature on arc-based deposition
methods (e.g., GMAW, GTAW).

A method for the temperature-based measurement of the melt
pool size in powder-fed LDED using a CCD camera equipped
with a narrow-band IR filter was introduced by Hu, and Ko-
vacevic [328]. The laser power and, therefore, the melt pool
temperature was controlled in order to control the bead width
by adjusting the size of the melt pool. Experimental results
showed that it is possible to effectively control the temperature
of the processing zone by adjusting the width of the melt pool
by controlling the heat input and metal powder feed.

Bi et al. proposed in 2006 the first thorough study on the
feasibility of various in-situ measurement systems for LDED,
such as a photodiode and quotient pyrometer temperature con-
trol system (TCS) to measure the temperature [329]. The de-
position head is shown in Figure 19. Moreover, a CCD cam-
era, which was coaxially aligned with the laser beam through
mirrors, measured the size of the melt pool during powder-fed
LDED. The introduced methods were verified experimentally
to be suitable for temperature control. Furthermore, the influ-
ence of process parameters such as laser power on the temper-
ature signal was investigated. Through adjusting multiple pro-
cess parameters such as deposition head travel speed, material
(powder) feed rate, and laser power, it was found that the laser
power shows the strongest influence on the IR temperature sig-
nal. Based on the results obtained in the previous work, Bi et
al. then proposed a closed-loop proportional-integral-derivative
(PID) controller taking temperature feedback from a pyrometer
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Figure 19: The experimental setup for temperature monitoring as proposed by
Bi et al. [329]. (Image source: [329])

to control the melt pool temperature [330]. The proposed con-
troller was able to increase the dimensional accuracy of single-
track, multi-layered walls. Bi et al. then further proposed a
compact laser cladding head with integrated temperature sen-
sors as previously proposed in [329] including a Germanium
(Ge) photodiode for measuring the melt pool temperature and a
CCD camera for monitoring the melt pool geometry [331]. A
PID controller was used to keep the melt pool temperature con-
stant by adjusting the laser power. The authors were able to sig-
nificantly improve the quality of an additively manufactured air-
foil by minimizing the accumulated temperature through their
temperature control system. Tang and Landers proposed a melt
pool model based on a first-order transfer function for LDED
[332]. It was found that previously proposed models were not
suitable for online temperature control due to their complexity.
A digital tracking controller was designed to control the process
quality via a Kalman-filtered feedback of a temperature sensor.
However, it was concluded that the controller might not perform
well with multi-layer depositions due to heat transfer issues. To
further improve the laser cladding process to facilitate adop-
tion in the industry, Bi et al. identified key factors influencing
process monitoring and control in laser-based DED [333]. A
single-color pyrometer was integrated with a powder feeding
nozzle to monitor melt pool temperature to identify influencing
factors. Geometry, power density, and oxidation were identi-
fied as affecting the process control performance. Nassar et al.
presented a closed-loop control architecture for controlling the
path plan during LDED to optimize the build microstructure. A
temperature-based controller was implemented [342]. An ap-
plication of in-situ temperature sensing for control of the solid-
ification rate and, therefore, the microstructure during powder-
fed LDED was proposed by Farshidianfar et al. [334]. Using a
CCD camera equipped with an IR filter to observe the melt pool
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and solidification area, the temperature gradient of the solidifi-
cation area after the melt pool was obtained. The authors then
proposed a PID-based controller for regulating the cooling rate,
and therefore the microstructure, via adjustment of the depo-
sition head travel speed. It was shown experimentally that the
microstructure remained consistent due to the controlled cool-
ing rate.

Doumanidis and Hardt proposed a multi-variable adaptive
closed-loop controller using temperature feedback of heat af-
fected zone in arc welding [335]. They considered a structured
heat model with uncertain parameters. In addition to the layer
geometry sensing via profilometer described in Section 5.1 for
wire-and-arc welding, Doumanidis and Kwak also used an in-
frared camera to measure the temperature and geometry of the
melt pool [320]. The in-situ melt pool measurements were then
used to identify the parameters of a lumped-parameter model
for the melt pool that models the relationship between its ge-
ometrical and thermal properties and the process parameters,
including torch power, material feed, torch angle, and motion.
This model was then utilized for real-time bead geometry con-
trol. In order to overcome sensory delay, a Smith predictor was
used. The overall RMS error between the desired and achieved
layer geometry was 0.23 mm. Wu et al. also utilized a CCD
camera in combination with a narrow-band IR filter to con-
struct a passive vision sensing system for imaging the weld
pool during constant-current GTAW [336]. The images were
then processed to obtain the melt pool size. Lii et al. proposed
a multiple-input single-output (MISO) adaptive controller for
adjusting the width of the weld pool during GTAW utilizing
feedback of wire feed rate, welding current, and topside im-
age of the weld pool [349]. A backpropagation neural network
(BPNN) model was used to estimate the backside pool width
and compared it with the desired value. Xu et al. focused
on two issues in their study on GTAW and GMAW: capturing
a clear weld image and developing an image processing tech-
nique for feature extraction [337]. For the former, a novel pas-
sive vision system taking advantage of a CCD camera with a
moveable motorized filter, which could cross out disturbances
of the arc light during seam tracking, was proposed. For the
latter, image processing algorithms encompassing restoration,
smoothing, edge detection, false edge removal, and edge scan
were developed. Babkin and Gladkov introduced a new graphi-
cal method for GMAW welding parameter determination [338].
The influence of the workpiece temperature control over the
geometrical preciseness of the deposited layer was highlighted.
Feng et al. used a CCD camera to monitor the weld pool surface
in GTAW [339]. The contribution was to compute the height of
the mirror-like bead surface via processing of the reflection im-
age of the reversed electrode on the bead surface, knowing its
constant tip-to-workpiece distance.

6. Post-processing

As mentioned above, the microstructure is highly dependent
on the local cooling rate the part experiences during deposi-
tion. Processing parameters, such as travel speed, dwell time,
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material feed rate, and travel direction, affect the solidifica-
tion velocity and the resulting crystalline morphology [351].
The layer-by-layer variance in processing conditions results in
non-uniform and transient temperature gradients throughout the
build, leading to an anisotropic microstructure [110]. Thus, the
mechanical properties have a directional dependency, which is
undesirable for many applications. Heat treatment is used to
manipulate and control the final microstructure, ensuring opti-
mum performance when the final part is placed in service.

One of the more important heat-treating processes for AM is
annealing, where the material is held at elevated temperatures
for extended periods of time and then cooled at various rates.
The different annealing treatments for AM deposits are shown
in Figure 20. Residual stresses result from the unique thermal
cycling that occurs during the AM deposition process [352].
Low-temperature annealing (T1 in Figure 20) improves atomic
diffusion, allowing for dislocation motion and annihilation, re-
lieving some of the induced thermal stresses. The significant
strain induced by residual stresses can provide the driving force
for the nucleation and growth of stress-free equiaxed grains,
further reducing the internal stress. This phenomenon is known
as recrystallization and has also been observed when stress re-
lieving AM deposits [353]. Increasing the annealing tempera-
ture (T2 in Figure 20) to a point where all elemental constituents
are dissolved in a single solid phase is known as a solution an-
nealing heat treatment. The deposit is then quenched to prevent
any diffusion or phase formation, resulting in a supersaturated
solid phase. This is followed by a precipitation heat treatment,
also referred to as aging, where the deposit is heated to a tem-
perature (T3 in Figure 20) where diffusion is energetically fa-
vorable. This results in the nucleation of finely dispersed pre-
cipitates, or the formation of desirable secondary phases, im-
proving the mechanical performance [354]. This section will
outline the different heat treatments that are common for the
materials discussed in 2.4. First, the conventional heat treat-
ments will be discussed where applicable to outline each heat
treatment step’s purpose and give insights on how heat-treating
AM parts may result in different microstructures with the same
heat treatment. This will lead to the as-built microstructure for
each material when using different heat sources. Then a general
overview on what heat treatments have been done by other re-
searchers, and how it changes the as-built microstructure and
corresponding performance will be discussed. |It should be
noted that the scope of this section is limited to studies on DED.
The materials that require further investigation will be identi-
fied| Furthermore, the heat treatments presented are general-
ized to highlight the effects the different heat treatments have
on microstructure and mechanical performance. Thus, details
including temperature, hold times, and cooling rates may not
be mentioned. Finally, any mention of an aging process is done
post solutionizing and not to the as-built structure due to the
limited researchers utilizing a direct aging process directly after
printing. This is thought to be attributed to the anisotropic mi-
crostructure of the as-built parts. Although there is an extended
solid solution due to the rapid solidification, the nucleation of
precipitates would not be homogeneously distributed through-
out the part. Therefore, the mechanical properties would still
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be directionally dependent.

6.1. Titanium Alloys

The scope of this section is limited to Ti-6Al-4V (Ti64) due
to the abundance of studies conducted on this material system.
There are other Ti alloys that are being studied, such as TC21
[355, 356, 237, 235,357, 111], near B Ti alloys [358, 359, 360,
361] and near o Ti alloys [362], but they will not specifically
be mentioned.

The heat treatment of Ti64 typically includes solution an-
nealing and aging at a range of temperatures depending on the
desired mechanical properties. Typically, the solution temper-
ature is below the 8 transus temperature [363]. Lower anneal-
ing temperatures result in mostly ¢, with some f at the grain
boundaries. The higher the annealing temperature, the higher
the fraction of f that will form upon cooling. However, there
is a decrease in solubility of V as the temperature increases,
causing the 8 phase to turn to &’ with quenching. If any f3 is re-
tained after solution treatment at higher temperatures, a marten-
sitic transformation to @’ will be induced when plastically de-
formed [364]. Higher cooling rates are more desirable for Ti64
to maximize the amount of supersaturated 8 or a’, which can
be decomposed to ¢ precipitates during aging [363, 365].

Laser-based AM techniques result in a mix of columnar and
equiaxed grain morphologies, depending on the thermal his-
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tory of the part. Equiaxed grains tend to form closer to the
edges due to the higher thermal gradient achieved at these lo-
cations [110, 236, 111, 109]. The microstructure consists of
primary 8 with « lamellae, which form in colonies, Wid-
manstitten or basketweave morphology. These colonies are
more prevalent along prior 3 grain boundaries and close to
the B transus lines from the interlayer passes.This microstruc-
ture has been seen for both powder and wire fed processes
[76, 75,145, 111, 112, 144, 146, 109, 113]. Electron beam and
plasma techniques have also shown to have similar microstruc-
tures, with martensitic @’ and « laths in a Widmanstétten or
basketweave morphology, and a small amount of acicular &
[196, 163, 161, 160, 195, 203, 202]. Defects such as pores are
also prevalent in the as-built parts that cannot be removed with
standard heat treatment methods [366, 113, 367, 368]. Lower
annealing temperatures tend to lead to coarsening of the ¢ laths
to more plate-like morphology, with interplate transformed f8
[144, 146]. The o plates transform into "crab-like" morphology
closer to the B transus temperature [111]. Furthermore, recrys-
tallization of 3 grains begins at higher solution temperatures,
while the primary ¢ laths increase in aspect ratio and decrease
in volume percent. The formation of § with solution treatment
has been shown to increase the corrosion resistance of AM Ti64
parts. The coarsening of the ¢ laths decreases strength while
increasing the elongation [112, 369]. Increasing the annealing
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time decreases the aspect ratio of the ¢ phase while also in-
ducing a higher amount of precipitation of secondary ¢ in the
retained 3 phase [109, 203]. This causes an initial spike in
strength, but this decreases as the secondary o coarsens. In-
creasing aging times decreases the volume fraction and aspect
ratios of primary o laths while increasing the volume fraction
of fine secondary «. Increasing aging time slightly coarsens the
secondary o but decreases the width of the primary ¢, causing
slight increases in the strength and ductility. Aging times over
8h will result in the globularization of the o laths. These pre-
cipitates tend to coarsen with higher subsequent aging temper-
atures [112]. Heat treatment has shown to reduce hardness due
to grain coarsening and dislocation annihilation [111]. Under
dynamic loading, heat treatment may reduce strain rate sensi-
tivity while increasing the risks of adiabatic shear localization
[109].

6.2. NiAlloys

This section will discuss the heat treatment protocols of both
Inconel 718 and Inconel 625. A summary of the standard heat
treatment and corresponding microstructure will be presented
for each material, followed by a tabular summary of the effects
of heat treatment on mechanical performance.

6.2.1. Inconel 718

Heat treatments for industrial casting and forging operations
of In718 follow solution treatment and age protocol outlined in
AMS-5383D [370], and a solution treatment and aging proto-
col discussed in AMS-5662M [371], respectively. The high-
temperature mechanical properties of In718 are attributed to
the precipitation of the y’(Ni3Nb) and y’ (Ni3(Al,Ti)), which
forms in the y matrix [372, 373]. The elements with large
atomic radius are rejected from the y phase during solidifi-
cation. This causes the formation of a Nb-rich laves phase
((Ni,Cr,Fe)>(Nb,Mo,Ti)) that depletes the y matrix of Nb, pre-
venting the formation of y” and 7y’ [374]. This diminishes the
ductility, fracture toughness, fatigue, and creep-rupture prop-
erties of the alloy [375]. Thus a proper heat treatment pro-
tocol must be followed to redistribute the Nb and control the
cooling rate to maximize the formation of ¥y’ and y’. Pre-
forming solid solutionizing alone at 980°C does not alleviate
the Nb segregation in AM deposits, like that of wrought In718
alloys [168]. The partial dissolution of the laves phase pro-
motes the formation of acicular § phase, reducing the formation

of 7 and [168]. |TEERENimtea pUBIiCAHONS ISCUSSIAg

ing'[168]. Homogenization alleviates residual stress, increases
grain boundary strengthening, and eliminates segregation of Nb
[130, 376, 133, 377, 378, 379]. Solutionizing results in needle-
shaped & precipitation, which pins the grain boundaries im-
peding grain growth [168], while aging is done to precipita-
tion harden In718 by forming 7y’ precipitates [379, 380]. A
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summary of the mechanical properties comparing conventional
manufacturing methods to AM was presented by Hosseini ef al.
and is shown below in Figure 21 [381].

6.2.2. Inconel 625

The macrostructure of as-built In625 produced by AM is a
range between cellular and columnar dendrites, depending on
the specific thermal history of that region [170, 382]. The
columnar dendritic structure has been seen to be stable up in
heat treatments up to 1000°C, which becomes fully equiaxed
at 1200°C [383, 384]. The high solidification rate and tem-
perature gradient achieved during additive manufacturing are
problematic for In625 due to the segregation of Nb and Mo in
the interdendritic regions [385]. This causes the formation of
MgC, M»3Cg, and eutectic ¥ + Laves phases forming between
the primary 7y dendrites. There are also trace amounts of FCC
Y (Ni3(Nb,ALTi)), BCT y” (Ni3(Nb,ALTi)), and orthorhombic
d (Niz(Nb,Mo)) when subject to the rapid solidification con-
ditions experienced during laser-based AM techniques [386].
Plasma-based techniques have been shown to lead to course
pockets of Laves phases, MC, and larger needle-like & precipi-
tates in the as-built condition [197, 387, 79]. Dinda et al found
that solutionizing at temperatures above 1000°C cause the pre-
cipitation of y” (Ni3Nb) in the y matrix, increasing the micro-
hardness [383]. Xu et al. found that a solution treatment fol-
lowed by aging results in partial dissolution of the Laves eutec-
tic, resulting in the redistribution of Nb for the precipitation of
the y” and 7y’ precipitation improving the tensile and yield prop-
erties [387]. Hu et al. found that the dissolution of the Laves
phase is proportional to the solutionizing temperature, causing
an increase in ductility but a decrease in the tensile strength of
the alloy [384].

6.3. Steels

This section will discuss the post-processing of 316L and 17-
4 stainless steel. This will include the microstructural changes
from the as-built condition with heat treatment and the corre-
sponding changes to the mechanical properties.

6.3.1. 316L Stainless Steel

AM of 316L typically results in an ultra-fine and cellular
columnar dendritic grain structure due to the rapid cooling rates
experienced during the building process [388, 389]. There have
also been reports of large amounts of anisotropic crystal ori-
entations and grain sizes in 316L deposits from the complex
thermal cycling seen in all AM techniques [390, 391]. A com-
mon defect is silicide, and oxide inclusions, which is attributed
to possible oxygen contamination in the feedstock, or during
the building process [390, 388, 392]. Pores are also a common
defect found in AM deposits of 316L, which are detrimental to
the mechanical properties and corrosion resistance [389, 393].
Saeidi et al. found when using a laser-based AM technique that
the single-phase FCC austenitic structure seen in the powdered
feedstock is mostly conserved in the as-built condition, with
varying amounts of BCC ferrite. Sub-grain boundaries were
found to be enriched in alloying elements such as Ni and Mo
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Figure 21: A comparison of the mechanical properties (a) yield strength, b) Ultimate tensitle strength and c¢) elongation) of heat treated In718 alloys produced by
conventional manufacturing methods (wrought and cast) and AM methods (DLD, DEBD, SLM, and EBM) [381]

[390, 391, 393, 394]. Plasma AM methods typically resulted
in columnar structures of austenite () of varying coarseness
depending upon the location with respect to the fusion line.
The inter-columnar area consisted of vermicular & ferrite and
o (FeCr)intermetallic at the y/§ interface [155, 159, 395]. The
formation of the ¢ phase has also been reported in EBM, and
LMD of 316L [396, 394]. The brittle o phase acts as a crack
nucleation site that could lead to decreased ductility, while both
the & and o drastically reduce the corrosion resistance of the
part [397, 398, 395]. Thus, heat treatment is typically used to
increase the ductility and decrease the susceptibility to corro-
sion [399]. The effects of heat treatment of additively manufac-
tured 316L using DED have not been thoroughly investigated
and is an area that requires further research. It has been seen
that heat treatments up to 800°C provide no apparent changes
in the microstructure, but mechanical properties, such as ten-
sile strength and hardness, tend to decrease when compared
to the as-built deposit [393, 389]. This has been attributed to
dislocation annihilation at the sub-grain boundaries post-heat
treatment [390, 389]. Performing a homogenization heat treat-
ment has been shown to decrease the amount of BCC & ferrite
and helps eliminate the anisotropic grain structure seen in the
as-built condition [389]. However, exposure to high temper-
ature for a prolonged period increases the average grain size,
which decreases the strength while increasing the elongation
of the deposit [391]. Chen et al. found that the ¢ phase can
be eliminated with heat treatment of 1100°C for 1h, while the
delta phase can be eliminated at 1200°C for 4h, resulting in a
decrease in strength and increase in ductility and corrosion re-
sistance [395].

6.3.2. 17-4 PH Stainless Steel

The industrial standard heat treatment of 17-4 PH hot-
rolled and cold-finished bars and shapes follows ASTM
A564/A564M. This standard outlines a solution treatment of
10404+ 15°C for 30min, followed by several different options
for age-hardening treatments [400]. The goal of the solution
treatment is to control the amount of retained austenite due to
its higher solubility of Cu, decreasing the amount of precipi-
tation during the aging process [401, 402]. The solution treat-
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ment results in a martensitic phase with a lath-like morphol-
ogy that is supersaturated with Cu and Cr [403]. There is also
a trace amount of § ferrite that contains some Cu precipitates
[404]. The steel is then quenched and aged to cause the precip-
itation of Cu in the supersaturated martensitic laths [403]. The
peaked age condition (H900 in ASTM A564/A564M) yields
the highest hardness after aging at 480°C for lhour, due to
the coherency of the Cu particles and the retention of the large
amounts of dislocations found in the martensite [405, 403, 400].
However, peak age condition is not suitable for all applica-
tions, thus implementing an overaged microstructure (H1100
in ASTM A564/A564M), with courser copper precipitates and
slightly tempered martensite, is more desirable [406, 407]. The
as-built structure of 17-4 produced using laser-based AM re-
sults in a fine martensitic lath microstructure, with some re-
tained austenite in the inter-lath regions, due to the re-heating
of previously deposited material during the deposition process
[408, 409, 143]. Arc heat sources result in dendritic marten-
site, with & ferrite in the inter-dendritic regions and small
amounts of retained austenite [156, 56]. Solution treatment has
been shown to convert the retained austenite to nearly 100%
lath martensite [156]. Any retained austenite is attributed to
the ultrafine austenite grains suppressing the transformation of
austenite to martensite [410, 409]. Peak aging following the
solution treatment allows for the formation of fine Cu precipi-
tates with small amounts of retained austenite, while over ag-
ing results in an increase in the retained austenite concentration.
The diffusion of austenite stabilizing elements like Cu and Ni to
form precipitates decreases the martensitic transformation tem-
perature below room temperature, resulting in an increase in
retained austenite [411, 403]. Furthermore, dissolved nitrogen
from the building atmosphere can drastically increase retained
austenite, requiring longer aging times to achieve peak perfor-
mance [226]. Many researchers have also found Mn, Si, and O
inclusions that form at the grain boundaries [408, 409]. The me-
chanical properties after solution and aging treatment typically
increase in all facets compared to the as-deposited conditions.
It is also found to eliminate the anisotropic properties, typically
seen in the AM deposits [156, 143]. The mechanical proper-
ties after solution and aging heat treatment have been shown to
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be comparable to conventional manufacturing techniques [156].

6.4. Al Alloys

The post-fabrication heat treatment discussed in this section
will be limited to the hypo-eutectic alloy AISi10Mg, as it is the
most studied of the Al alloys. An outline of the standard heat
treatment will be reviewed, followed by the as-built and post
heat treatment microstructure, and the corresponding effect on
mechanical properties.

The typical heat treatment for Al-Si alloys is a T6 treatment,
which is a solution heat treatment at 535°C, quench and arti-
ficial age hardening protocol at 158°C for 10h, outlined in the
ASM Metal Handbook vol. 2 [412]. The solution treatment is
done close to the eutectic temperature of the alloy to ensure the
dissolution of Mg-containing phases, homogenize the alloying
elements, and create spherical eutectic Si particles. The quench
is done to preserve the vacancy and solute concentration, while
aging is done to form a uniform distribution of particles, in-
creasing the strength [413, 414]. The microstructure of as-built
AlSil0Mg can consist of a columnar or a rod-like dendritic
structure, depending on the heat input of the energy source
[125]. However, the cellular structures can vary in coarseness
depending on the spatial thermal history of the sample [123].
LMD of AlSi10Mg has also shown to form cellular and diver-
gent dendrites [249, 120]. The dendrites are a-Al, while the
interdendritic regions are eutectic Si [125, 120, 121]. There are
also cases of Mg;Si precipitates in the interdendritic regions
[123, 125, 121, 415]. Laser-based techniques have shown to
result in deposits that are not fully dense [121, 126, 120] and
heat treatment has not been shown to alleviate this issue [125].
Heat treatment of AlSi10Mg has shown to decrease the solu-
bility of Si in the primary o dendrites, suggesting that Si is re-
jected from the primary dendrites to form Mg,Si [120]. This is
due to the supersaturation of a-Al resulting from the rapid so-
lidification and undercooling of Mg, Si. Increasing the solution
temperature or time tends to coarsen the Si particles while also
decreasing the number of particles due to particle coalescence
and Oswald ripening [416, 120]. Lv et al. studied heat treat-
ment of LMD AlSi10Mg and found that the tensile properties
increase with a T6 heat treatment[120]. The formation of a fine
cellular t-Al dendrites supersaturated with Si, and the local-
ization of Mg at the grain boundaries of the as-built samples,
increase the hardness of the primary dendrites. However, the
T6 heat treatment allows for the diffusion of Si, which causes a

slight reduction in hardness [120]. Mostipublications'6n'DED
more, additional work s required to determine the optimal heat

6.5. Co-CrAlloys

This section will discuss the heat treatment of AM deposited
Co-Cr alloys. The focus will be on Stellite 21, and Stellite 6
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Co-Cr-Mo alloys, as they are the most studied. An outline of
the standard heat treatment will be reviewed, followed by the
as-built and post heat treatment microstructure, and the corre-
sponding effect on mechanical properties.

For cast Co-Cr-Mo alloys complying with ASTM F75, no
standard heat treatment is included [417]. The as-cast condi-
tion of this composition typically consists of FCC y Co, a ¢
intermetallic, and M;6Cg¢ interdendritic carbides [418]. The
goal of heat treatment is to homogenize the microstructure, re-
move cast defects and improve mechanical properties through
precipitation dissolution [419, 420, 421]. The most common
treatment consists of a solution treatment at temperatures of
approximately 1200°C for a range of times from 1-4 hours
[422, 420, 423]. However, for pin-on-disk and hardness tests,
increased performance has been shown when aging is included
in the heat treatment [424, 425]. Laser deposited Stellite 21 typ-
ically consists of a range between columnar and equiaxed den-
drites, with a ¢ intermetallic, and M¢Cg in the interdendritic
regions [140]. WAAM of Stellite 6 results in a dendritic struc-
ture with Co-rich FCC ¥ primary dendrites, and eutectic y-Co
with M, C3 carbides [190]. Porosity has also been found in laser
deposited Co-Cr-Mo deposits [426]. For LENS of Co-Cr-Mo,
increasing the solution treatment time leads to decreases in size
and amount of carbides due to improved kinetics for carbide
dissolution at higher temperatures. This is opposite to increas-
ing the aging time, which increases the precipitation concentra-
tion, due to decreases in solid solubility of carbide forming ele-
ments at higher temperatures [138]. Depending on the particu-
lar application of the part, the resulting microstructure from the
heat treatment will yield different performance results. Longer
solutionizing times with no aging may increase corrosion resis-
tance due to high Cr contents in the matrix [425]. Variations in
temperature and hold times will result in different carbide sizes,
morphologies, and distributions, which will result in a range of
properties [138, 427].

6.6. Mg Alloys

The use of Mg alloys for AM has not been explored in as
much depth as the other alloys presented in this work. Thus, no
work has been published on the effects of heat treatment on the
microstructure and corresponding properties of Mg deposits.

6.7. Copper Alloys

The majority of the work on Cu alloys for DED technologies
has been on WAAM of nickel aluminum bronze. Shen et al. de-
posited nickel aluminum bronze using WAAM and found that
the as-built microstructure mainly consisted of Widmanstitten
o phase and martensitic 3 phase [174, 55, 428]. Dharmendra et
al found no retained B, but instead found ky;_jy precipitates in
the interdendritic regions[429, 430]. Homogenization at 900°C
and quenching transformed the microstructure to equiaxed and
columnar o with some retained ° and k phases. This tends
to decrease the strength and hardness but increases the elon-
gation to failure, which is attributed to the absorption of some
of the previously formed x phases [430]. With post quench
tempering, it was found that the equiaxed grains disintegrated
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to columnar grains, while the already formed columnar grains
coarsened. Increasing the tempering temperature resulted in the
elimination of the retained 8 and x lamellae, and particles be-
gin to form [174, 55]. This causes the mechanical properties to
increase closer to the as-built condition. However, the distribu-
tion of Kk phases becomes more uniform, decreasing the spatial
variation in properties [430]. However, further increasing the
tempering temperature results in significant coarsening of the k
phase, causing a decrease in performance [174].

6.8. Tungsten Alloys

As mentioned previously, some work has been done on DED
of pure W [431], W-Ni alloys [142], W-Fe alloys [432], and
tungsten heavy alloys [141]. However, no work has been con-
ducted on how post-processing affects the microstructure and
the corresponding properties.

7. Challenges & future perspectives

This work provides a holistic overview of the current state of
the art in large scale robotic AM, from process planning to the
microstructure and performance of the final component. Al-
though the contributions made by the many researchers in pro-
gressing this field have been substantial in the last few decades,
the technology is still in its infancy. Dr. Hannes Gostner com-
pared AM to celestial observation at the 2019 Holistic Innova-
tion in Additive Manufacturing (HI-AM) conference in Van-
couver. He stated that AM is currently in the technological
stage of Galileo’s telescope and that the capabilities have the
potential to be as revolutionary as the Hubble telescope. How-
ever, the boulder has a long way to be pushed before the inno-
vative pinnacle can be crested. [The lack of the field’s maturity
is also evident from the lack of finalized qualification and cer-
tification standards (see Table 1). The majority of the standards
listed in Table 1 are currently still in draft status. Robotic large-
scale AM as a sub-category within AM as a whole is highly
interdisciplinary—like any other groundbreaking and paradigm-
shifting endeavor. The major engineering and science disci-
plines involved in large-scale robotic metal AM include com-
puter science, electrical engineering (mechatronics-, control-
and systems engineering), materials engineering, and mechan-
ical engineering. In addition, each of the process workflow
stages as outlined in Figure 3 are also highly coupled. For ex-
ample, a process plan consisting of a deposition system mo-
tion sequence and parameters generated by the process plan-
ning stage will affect the thermal distribution, which will affect
the amount of residual stress and heat accumulation, and mi-
crostructure and corresponding mechanical properties.
Naturally, computer scientists, mechatronics-, control- and
systems engineers are predominantly concerned with issues re-
lating to their particular domains and can not necessarily appre-
ciate the coupled challenges faced by materials-, and mechan-
ical engineers. Therefore, a close and direct collaboration be-
tween diverse research groups is required to progress this tech-
nology further. Extensive collaboration and sharing of infor-
mation will result in more holistic studies on, for example, how
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different path planning strategies affect the surface roughness
and microstructure of an as-built component. This will give
rise to new information on the different strategies that can be
implemented to solve the current challenges, such as residual
stress, porosity, and anisotropic microstructures. This need for
collaboration has already been recognized, which has resulted
in the creation of networks such as the NSERC Holistic Innova-
tion in Additive Manufacturing (HI-AM), America Makes, and
others. However, the lack of research-level fabrication of large-
scale parts makes it hard to fully understand the challenges that
will need to be overcome to make this a viable commercial pro-
cess. Itis currently speculated that overcoming the current chal-
lenges of fabricating lab-scale coupons will translate to large-
scale parts. The true challenges that lie ahead for large-scale
AM will not be revealed until more researchers begin to fabri-
cate parts outside of a lab setting.

This section summarizes and discusses the largest knowledge
gaps in the topics outlined in Section 2 to Section 6, followed by
a holistic view of the challenges that must be overcome to com-
mercialize large scale AM. The subsections will be structured
where the challenges of each topic will be addressed, followed
by the authors’ suggestions on the future of research areas per-
taining to the topic.

7.1. Process planning

Current path planning methods are generally limited to
2.5 DOF, with few systems available for 3-5 DOF path plan-
ning. 2.5 DOF systems are inherently inefficient due to support
structures, requiring post-processing as well as design limita-
tions. For large-scale parts, this entails additional manufactur-
ing costs (such as labor and delivery time). 5 DOF path plan-
ning overcomes these challenges to a large extent but has lim-
ited industrial integration. A number of algorithms have been
reviewed in this paper. While the algorithms are fundamen-
tally suitable for metal AM, work is still required on non-planar
tool path planning for metal AM where the generated tool path
must satisfy the requirements identified in Section 4.2. Adap-
tive slicing offers an advantage in terms of reducing both the
layer height and variation in material properties. This neces-
sitates a fundamental understanding of bead deposition geom-
etry, microstructure, and solidification modeling. Combining
this knowledge with adaptive slicing will allow efficient man-
ufacturing of high-quality parts, but this requires a significant
multidisciplinary effort in material science and mechanical and
manufacturing engineering. Path planning, which is a function
of part geometry, directly affects heat transfer and conduction
through the part being made. This results in varying amounts
of additional heat in the part at any given time and build lo-
cation, resulting in varying solidification rates, thereby affect-
ing the geometry of the build and the resultant microstructure.
Therefore, it is necessary to include heat transfer modeling at
an earlier stage concurrent to the path planning. Current mod-
els suffer from long simulation times, inherent assumptions to
reduce computational time, and a limited set of manufacturing
systems and material system availability which need to be im-
proved through further research.
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Incorporation of multi-degree of freedom path planning
along with considerations of the aspects mentioned above will
enable in-situ modification of material metallurgy and its me-
chanical and geometric properties during deposition. This will
truly unleash the potential freedom of design and complexity
that AM processes have to offer.

Prior to fabrication, it is also necessary in many cases to cal-
ibrate the workpiece with the fabrication platform. This is es-
pecially important when the build requires coordinated motion
between the workpiece and deposition system—as is always the
case during multi-directional deposition. Workpiece calibration
can be automated by using a 3D or line scanner mounted on the
deposition head.

7.2. Deposition Technologies

An area where considerable research potential can be found
in the powder delivery during multi-axis DED (e.g., using an 8
DOF robotic LDED platform). Currently, the LDED deposition
head must always remain vertical and thus align with the gravity
vector to provide ideal powder delivery. Developing methods
to loosen these constraints on the deposition head orientation
is necessary to utilize the full potential of an 8 DOF robotic
LDED platform. Several challenges need to be overcome to
enable this, including, but not limited to, modeling of powder
flow at different angles to the build surface and the effect of
shielding gas dispersion in the build area at non-vertical angles.

While in contrast to LDED, deposition at varying orien-
tations is intrinsically possible with fewer limitations using
GMAW-based deposition technologies. However, they are at
a stage of lower maturity regarding monitoring the melt pool
temperature and geometry and energy input. Sensing the melt
pool in a GMAW-based deposition system is also challenging
due to the rapidly and drastically changing lighting conditions
due to the presence of the arc.

Work is also ongoing on the minimization of the energy input
during GMAW-based deposition, where CMT technology plays
a significant role. Owing to the highly controlled CMT process
where it is possible to fine-tune the deposition process, signif-
icant potential for the optimization and adaptation to particu-
lar material considerations is possible. For example, in recent
years, Fronius International GmbH has been developing custom
synergic lines to further reduce the heat input during WAAM
using CMT technology [L. Hudson and M. Zablocki, personal
email and oral communications, March 2020]. Further poten-
tial for advanced research on optimizing the deposition process
exists and should be considered. This necessitates in-situ and
high-speed sensing of the welding current and voltage, provid-
ing important insight into the energy input into the build during
fabrication. It can also provide valuable insight into the process,
and the measurements themselves can be used as feedback for
temperature control systems. Moreover, tremendous potential
for robust sensor-fusion-based technologies exists.

7.3. In-situ monitoring, modeling, and control

The control algorithms reviewed in Section 5.1 for bead ge-
ometry control are relatively basic and have only been devel-
oped for and tested with single-track walls. Significant research
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is required to advance process monitoring and control towards
the objective of robust, adaptive, and intelligent control meth-
ods that provide a sufficient degree of autonomy and robustness
to unanticipated conditions during fabrication. Moreover, bead
profile sensing and feature extraction have only been done for
simple beads. The sensing and feature extraction capabilities
need to be expanded and combined with modeling to provide
accurate predictions of single beads and overlapping regions of
multi-track deposition.

Substantial research potential is also apparent for advancing
the area of layer geometry sensing and tool path re-planning
during fabrication. The fact that during fabrication, a compo-
nent is built layer by layer provides a unique insight into the
current state of the build through the methods reviewed in Sec-
tion 5.2. Impending catastrophic build failures can be detected,
and the tool path for the following layer can be re-planned to
mitigate and correct potential build failures.

Most work on temperature monitoring, and control has been
done for LDED, as is apparent from Section 5.3. Particularly
melt pool temperature sensing needs substantial work for arc-
based deposition technologies. Heat accumulation is coupled
with the deposition system travel speed and the material feed
rate, which influence the bead and layer geometry. This means
that if the bead geometry is adjusted (which is necessary), the
heat input changes, which can modify the material composition.

Similarly, as for the layer geometry monitoring, IR cameras
can also monitor the overall surface temperature of the compo-
nent during the build to adjust dwell times and cooling rate of
the substrate plate. This is especially important for maintaining
consistent metallurgical properties.

7.4. Materials

Many challenges still need to be addressed in regards to ma-
terials for AM. One of the more apparent areas of exploration
is expanding the number of materials available in AM. This is
clearly highlighted by the chart presented in Figure 22 [433].
Although many of the materials used in conventional manufac-
turing are ill-suited for AM, there are still important contribu-
tions that can be made through failed experimentation. Increas-
ing the amount of data on what materials may or may not be
compatible with AM, allows for significant deductions to be
made on the essential material properties a material must have
to be used in AM.

Another future avenue of interest is using AM to achieve
manufacturing feats that are outside the realm of possibility
with conventional manufacturing. Although metals toughness
far exceeds any other type of material, this comes with a poor
strength to weight ratio. However, with AM, the internal struc-
ture can be altered to a lattice type, drastically increasing the
strength to weight ratio. Additionally, polymer-based AM tech-
niques could be used to fabricate these structures, which can be
converted to a mold, and then cast, known as hybrid investment
casting. This allows for the use of well-understood material
systems in the way they were originally designed.

One of the challenges that is starting to be addressed is the
current material selection for AM [434]. The current materials
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Figure 22: The comparison of materials used in conventional manufacturing
to the materials used in AM [433]. (Image source: [433])

landscape for AM is dominated by materials that were success-
ful with conventional manufacturing techniques. These ma-
terials were not designed for the complex thermal cycling in-
herent to AM, which result in material defects and anisotropic
microstructures. Thus, the development of new materials cre-
ated explicitly for AM could allow for more control over phase
transformations, elemental segregation, and the resulting mi-
crostructure. This is especially crucial for large components,
where heat treatment procedures incur a financial cost that make
them unfeasible compared to conventional manufacturing. Fur-
thermore, microstructural control will allow for predictions in
how the part will perform when in service, which is imperative
for on-site fabrication. Some promising alternative methodolo-
gies are being explored to prevent the epitaxial growth of large
columnar grains. The addition of inoculants to aid in the nucle-
ation of equiaxed grains would eliminate anisotropic mechani-
cal properties prevalent in a lot of AM deposits [435]. The addi-
tion of boron to Ti64 has been shown to form TiB, which allows
for the nucleation of a-grains, resulting in an isotropic grain
structure [436]. A similar phenomenon has been reported with
the addition of Ti to 5356 Al [253]. Furthermore, the addition of
carbon to Ti64’s hypoeutectic composition decreases the solid-
ification temperature, causing grain growth restriction through
constitutional supercooling. Although a different mechanism,
a similar isotropic grain structure occurred[437]. These stud-
ies highlight that the development of materials better suited for
AM is going to involve understanding the fundamental mate-
rial paradigms involved in grain growth and solidification, and
how these can be used to manipulate the thermodynamics of the
system, to mitigate some of the microstructural challenges that
researchers are currently faced with. Large amounts of data can
be compiled by completing the aforementioned experiments on
increasing the materials being trialed for AM, trying completely
new material compositions, and in-situ grain control, which can
then be used as input for artificial neural networks, to synthesize
new materials specifically for AM. This would also incorporate
all the data from the published process planning and monitor-
ing and control strategies, allowing the network to develop the
appropriate deposition strategy for the new material. The seed
to the network would be a material of known composition, as-
built microstructure, and mechanical properties. The network
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would have the ability to simulate the deposition of the mate-
rial and then predict its as-built microstructure and mechanical
properties. The model would employ reinforcement learning
strategies to iterate over various compositions of the material,
based on the data acquired from the research, to optimize the
microstructure and mechanical properties based on the part’s
specifications. This could completely reinvent how material se-
lection is done and produce materials specifically tailored to the
additive manufacturing of that specific part.

The materials available for large-scale robotic AM are cur-
rently limited to current alloys in either the welding or coating
processes. Material development for various processes used in
AM is in its infancy and will yield significant opportunities as
the processes mature.

7.5. Post Processing

The complex thermal cycling of AM leads to microstructures
that are not found in conventional casting and forging oper-
ations. Using design guidelines of traditional heat treatment
protocols can result in poorer mechanical properties in some
materials. This is attributed to the varying degrees of segre-
gation or the novel grain structure that occurs during deposi-
tion [438]. Furthermore, many post-processing operations rely
on HIPing to reduce internal porosity. This is problematic for
large-scale AM due to the inherent cost of this procedure and
the size of the processing chamber needed to contain the large
part. Thus, developing techniques to reduce porosity in situ
will be an essential future contribution to AM. Furthermore, the
poor geometric tolerance obtained from parts manufactured us-
ing particular metal DED systems will need to be improved to
reduce the manufacturing costs. This problem currently neces-
sitates hybrid manufacturing systems or some combination of
additive and subtractive technologies. This requires developing
frameworks that unify positioning, referencing, and planning
software to negate the need to detach the part from the build
plate and any post-processing. The framework would also need
to include localized heat treatment and a means to control the
whole part’s thermal cycle to ensure the promised mechanical
performance. Thus, it is speculated that the next generation
of large-scale AM systems will appear more similar to tradi-
tional manufacturing approaches than powder bed fusion sys-
tems. There will be some modularity, where the part will be
fabricated and machined in one module and then transferred
automatically to a separate heat treatment module, similar to
what is seen in traditional manufacturing. It is clear that an in-
tegrated automation system will increase productivity for this
type of manufacturing. However, this manufacturing system
would offer the geometrical freedom and the multi-meter scal-
ability that both traditional and PBF are unable to provide.

The challenge remains to identify the raw materials, pro-
cess conditions, and process control to maximize product qual-
ity using the AM processes and minimize subsequent post-
processing requirements. The novel solutions will only be met
through multidisciplinary and cross-functional teams closely
collaborating. For example, this paper could not have been writ-
ten without the close collaboration between mechanical, pro-
cess control, mechatronics, electrical, and materials engineers.
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The future young engineers trained in AM will require a holis-
tic knowledge base and the ability to work cooperatively with
other disciplines in engineering, sciences, design, and visual
arts. This paper has intentionally not addressed the redesign
of components from both an engineering or artistic design ap-
proach. However, the possibilities using AM technologies will
reveal new opportunities that are currently not imaginable.
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