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2. AM Categories and Common Metal AM Processes

AM processes fall into seven categories [17], defined by the American Society for
Testing and Materials (ASTM) International Committee F42 as described in Table 1. It
should be noted that commercial applications of all seven groups exist in the metal AM
market. According to the published data by Cherdo [18], Figure 2 represents the diverse
industrial adoption of metal AM processes in 2020. According to this figure, only five
processes are commonly used for metals as discussed in the following sections. The metal
AM processes are classified based on the feedstock format and thermal source. Different
existing feedstock formats include wire, filament, sheet, powder, and liquid. The thermal
trajectory of each process and the amount of energy required are determined by the
material compounds, chemistry and transformation energetics [16]. Table 1 shows seven
AM Categories and summarises common metal AM processes. This table also summaries
manufacturers of common metal AM technologies, materials, and the pros and cons of
each process.

Figure 2. Metal Additive Manufacturing Market in 2020.

2.1. Material Extrusion (ME)

Figure 2 shows that ME technologies made up 10% of the metal AM market in 2020 [18].
Stratasys Ltd. patented the Fused Deposition Modeling (FDM) process, which uses thermo-
plastic polymers, in 1989 [5]. In 2009, the patents expired, and other manufacturers started
to build new versions of FDM, which are called Fused Filament Fabrication (FFF) [19]. One
of the recent developments in the metal AM market is the development of metal filled
filaments, which can be printed using FFF machines. In this filament, the metal powder
is infused in a standard ABS or PLA filament, and the powder percentage can vary. The
prints made using these filaments are not pure metal parts, but rather consist of metal
particles in a polymer matrix, and are brittle and require care while handling the printed
objects [20]. The parts fabricated using these processes are not metallic parts, but rather
parts with metal content. It should be noted that the tensile strength of the filaments is
reduced as the metal particle content increases; however, the thermal conductivity of the
filaments increases, and can make them suitable for fabricating circuits and electromagnetic
parts [21]. Bound Powder Extrusion (BPE) is another recent ME development in the metal
AM market. In this technology, the filament consists of a plastic binding agent and fine
metal powder that is extruded through a nozzle. The desired part is printed layer by layer
in a fashion nearly identical to conventional FFF printing; however, this process is followed
by two additional post processing operations: washing and sintering, to produce a final
high density fully metal part.
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2.2. Powder Bed Fusion (PBF)

The majority of metal AM systems apply powder bed fusion (PBF) processes, and 54%
of the metal AM market belongs to these processes as of 2020 (Figure 2). Common metal
PBF processes are Direct Metal Laser Sintering (DMLS), Selective Laser Melting (SLM),
Electron Beam Melting (EBM), and Direct Metal Laser Melting (DMLM). In general, there
is not a great deal of difference in the versions of these laser technologies made by different
companies. Moreover, there is little difference in the materials used between the different
machines. This section describes the slight differences that exist between the different
PBF technologies. Among these technologies, SLM and DMLS processes are exclusively
used to produce metallic components [22]. In general, these two technologies use the
same basic tenet. SLM, which is also called Laser Metal Fusion (LMF), is mainly used for
single component metals such as Aluminium and DMLS is commonly used for metal alloys
such as Aluminium and Titanium Alloys [23]. The DMLM process is very similar to the
DMLS process, except that in the DMLM process, laser beams create ultra-thin metal layers
and provides a homogenous melt pool [24]. Improved surface quality and lower levels of
porosity are key advantages of this process over DMLS. In EBM technology, a high energy
electron beam is used to fuse metal powder together, instead of a laser in SLM printers.

Table 1. AM Categories and Summary of the Common Metal AM Processes.

Metal Printer Metallic
AM Category Metal AM Process Manufacturer Process Description Pros/Cons Material and
Manufacture
Asiga, DWS, Carbon,  As shown in Figure 3a, VAT
Lithoz, Rapid Shape, Photopolymerisation
Digital Light Processing Kudo3D, FlashForge processes use a tank/ Vét of
(DLP) MoonRay, Hunter, liquid material, and a light
CoLiDo, Monocure is used to cure the liquid
3D, Tethon 3D, material and turn it into
Prodways solidified layers, the build
platform then moves away
from the liquid material
after each layer is solidified.
SLA is the oldest and most
common technology and
uses a UV laser to cure the
liquid material /resin [18]. Pros: High level =~ Composite resins
DLP technology cures the of surface finish that include
resin by using a digital light and accuracy metallic particles
projector, and illuminates (microns) such as tungsten
images for each layer qnto Cons: Slow carbide (WC),
the bottom of the resin printing process  iron (Fe) or cobalt
tank/vat [19]. and post (Co) and
This group of AM processes processing Aluminium
VAT Photopoly- coveres just 2% (?f the metal operations due to (Al)-based
merization Moai Formlabs, DWS .AM market in 2019 the small surface particles [27,28].
] Systems, UNIZ3D, (Figure 2)- TWO common of the laser beam, =~ Manufacturers:
StereoLithogrAphy XYZprinting, technologies in this cgtegory Relatively high Tethon3d,
(SLA) Photocentric, Pegasus that are used for printing material cost, ApplyLabWork.

Touch, Tethon 3D

partially metal components
are SLA and DLP [25]. It
should be highlighted that
parts produced using these
methods are not metallic
parts, but rather parts with
metal content. These two
technologies enable
building metal containing
parts through the use of
composite resins that
include metallic particles
(see Metallic Material
column of this table). The
metallic particles are added
to photopolymer resins as
nano-fillers to improve the

Limited materials
to use.
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Table 1. Cont.

- Metallic
AM Category Metal AM Process M:;ﬂfzgﬂg Process Description Pros/Cons Material and
Manufacture
thermal and mechanical
properties of the 3D objects
printed using VAT
Photopolymerisation
technologies [26].
Stratasys,
Ultimaker, Aleph As shown 1n Flgure 3b, Metal filled
Objects, 3Dgence, melted materla.l, which 1s filaments contain
XYZ Printing, in the f(?rm of f}lament, is very fine metal
Desktop Metal, selectively dispensed powders such as
. Mark One, RepRap, through a heated extrusion copper,
Fused Deposﬂlon Zortrax, Raise3D, nozzle in a pre-determined Pros: Relatively aluminium, and
M ial Modeling (FDM) Perfect Laser, path to construct 3D parts slow process, stainless s/teel.
Extru:it:i:?ME) Builder 3D Prir}ters, [29]. This process coptinues mainten.ance, and Manufacturers of
RE:3D, Modix, laygr by layeT unt~11 the material costs, metal filled
envisionTEC, desired part is printed. simplicity. filaments for
Xioneer systsems, In BPE technology, the Cons: Difficult to FDM printers:
colorFabb printing process is followed fabricate complex ColorFabb,
Bound Powder by two post processing parts, Low accuracy. Proto-pasta,
Extrusion (BPE)—also Desktop Metal, operations: washing 'f“.‘d FormFutura,
known as Atomic Markforged, sintering, to produce a final Gizmo Dorks,
Diffusion Additive Airwolf high density fully metal Amolen.
Manufacturing (ADAM) part [30].
3]? Systems, Pros: No support
S(ﬁzﬁ‘gﬂ:"é;]i\: . stru'cture required,
Direct Metal Laser L 1f (GE P Prints cqmplex Metallic powders:
Sintering (DMLS) Ad di.is.e - . geometries, No e P ’
itive), EOS, As shown in Figure 3¢, in post-processing Stainless Steel,
DMG Mori, these processes thermal operations required Nickel, Titanium
Precious energy such as electron and for support Alloys, and
3D Systems, SLM laser beams selectively structure removal, Aluminium
Powder Bed Solutions, Xact melts and fuses areas of a Wide range of Alloys, Bronze,
Fusion (PBF) Selective Laser Melting Metal, AddUp, powder bed [31]. After materials. Cobalt
(SLM) 3Dprotofab, Aurora  each print, the build plate is Cons: Relatively Chromium, Tool
Labs, Raycham, lowered, and a roller adds expensive and Steel, Super
RAM3D a new layer of powdered complex, Size Alloys, and
Electron Beam Melting Arcam (GE materials an.d sinters it to limitation, metal—cer.amic
(EBM) Additive), Jeol, the previous layer. Considerable level composites.
Freemelt of distortions,
Direct Metal Laser Concept laser, Surface finish
Melting (DMLM) Aurora Labs depends. on Powder
grain size.
Cold Spray Spee3D, Titomic Pros: Cold spray
EBEAM/EBAM Sciaky systems—Superior
mechanical Powders—
properties, No Titanium Alloys,
Prodways, Mazak, phase‘ c'hange, High Stainless Steels,
Gefertec, A nozzle combined with a dep(?51t1<?n rate, Low Nickel Alloys,
WAAM Glenalmond multi-axis robot that ox'ldaFlon, Large Cobalt Alloys.
Technologie, Norsk ~ selectively adds material to fabr ication size, and  Wires—Titanium
Titanium AS a substrate with sufficient ngh speed and Titanium
energy to create a layer. production [32,33]. Alloys, Inconel
Directed Energy 1 o Material comes either in Thermal energy 600, 625, and 718,
Deposition Energy Additec. F I the form of metal wire or systems— Nickel-based
(DED) LMD lt‘fc' Torlf(na oy, powder. Figure 3d,e Unconstrained build alloys, Copper,
Wire-based . .nss € present a typical schematic volume, High Nickel Alloys,
Joule printing Digital Alloys of two thermal energy DED dePOSI’f}Oﬂ rate, Cost Stainless Steels
processes. effective for large 300 series,
LENS Optomec and medium Aluminium
Laser Cladding complexity metallic Alloys, Alloy
LC Technologies, products [34], Used Steels and
Laserline, Preconic for damaged Magnesium alloy
. components. 35].
HS Aml\};[l;:;lfhgalsogy’ Cons: Erll)vironmental ool

impacts, Post
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Table 1. Cont.

. Metallic
AM Category Ni)etal AM Metal Printer Process Description Pros/Cons Material and
rocess Manufacturer
Manufacture
processing may be
required, Limited
materials due to
metallurgical
properties.
Pros: High level of
surface finish and
accuracy (microns),
As shown in Figure 3f, the Prints comp lex
photopolymer resin is selectively si geqn}etrles.’
L implicity, Prints
sprayed to the target location in multiple colours
droplets, and UV light is used to witﬁ several Liquid material
Material Jetting NanoParticle XJet cure and solidify the liquid materials in a sinele infused with
M)) Jetting (NPJ) material. Once a layer is printed, rint [36] 8 metal
the build platform moves down, Hi p . nanoparticles.
. igh-density metal
and M] prints a new layer upon ts. Fasy removal
the previous layer until the part is parts, ¢ asy re ¢
completely built. o suppor
structures.
Cons: Limited size,
Limited materials
to use
As shown in Figure 3g, a
liquid-state binder agent is
selectively deposited through a
print head onto the powder bed,
to bind the powder and form a
layer of a part [37]. The binder
consolidates the powdered
materials within and between Pros: Relativel
sliced layers at room temperature 1 Y
. . quick and clean,
[38]. Once a layer is printed, the Low capital
build plate moves down, and the inves tmer{)t Low Stainless steel,
Binder Jetting Desktop Metal, powder roller spreads a new layer distortions s/u ch as Inconel,
(B]) Binder Jetting (BJ) ExOne, Digital of powdered material. This curling and Cobalt-chromium
Metal, HP process continues until the desired war gin (Co-Cr) alloy,
object is completely printed, then Cons: R};la tgi;/el Copper.
this part can be used as it is, cured, weai< materialy
or sintered [38]. Once a layer is i
printed, the build plate moves properies.
down, and the powder roller
spreads a new layer of powdered
material. This process continues
until the desired object is
completely printed, then this part
can be used as it is, cured, or
sintered [38].
Laminated Object ~ Cubic Technologies, ~ As shown in Figure 3h, sheets of
Manufacturing MCor, Solido 3D, materials are bonded layer by
(LOM) and Kira layer to build the desired
component. The sheet of the
material is supplied from a feed
roller. Each sheet is cut to shape
with a cutting tool, such as a laser,
to fit to the part’s cross-section. Pros: High speed, Aluminium,
Sheet After each layer, the build Relatively .lova cost.  Copper, .Stai.nless
Lamination (SL) Ultrasonic platform moves down, and the Con§: L1m1.ted Steel, Tltamgm,
Additive Fabrasonic new layer of material is fed. SL materials, Printed Metal matrix
Manufacturing covers just 2% of the metal AM limited Geometries. composites.
(UAM) market in 2019. LOM technology

is primarily used for paper;
however, it may use metal sheet
materials, and parts printed with
LOM are often used for visual
models, and are not recommended
for structural use [4]. The most




