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Abstract

A cutting-edge manufacturing technology that uses powder or wire as the feeding material and a high-energy heating source
is known as metal additive manufacturing (AM). High-performance components for automotive, aerospace, medical, and
energy applications are designed and produced using additive manufacturing (AM). In this overview, only laser additive
manufacturing (LAM) procedures such as powder bed fusion (PBF) and directed energy deposition are discussed (DED).
LAM provides an alternate path for fabricating current designs and permits the creation of new designs with complexity
that is not possible with conventional methods. One of the most promising forms of additive manufacturing is laser addi-
tive manufacturing, which may produce things at low cost while keeping high value and yield (LAM). Specifically, when it
comes to directed energy deposition (DED) or powder bed fusion (PBF), which involve various types of wire-fed, powder
fed, and powder-bed assembly, it examines the key metallurgical phenomena that occur during LAM as well as the distinc-
tions between different LAM technological pathways. This study offers a thorough overview of the classification of LAM
systems, applications of LAM processes, key processing factors, frequent flaws, mechanical characteristics of manufactured

parts, numerous machine-related parameters, and optimization of deposition conditions.

Keywords Laser additive manufacturing (LAM) - Powder bed fusion (PBF) - Directed energy deposition (DED) -

Mechanical characteristics - Optimization

1 Introduction

Additive manufacturing is different from subtractive manu-
facturing techniques like conventional machining. The tech-
nique of combining materials to generate products from 3D
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model data, typically layer by layer [1]. With minimal post-
processing, AM can create components with incredibly dif-
ficult and complicated designs from a variety of materials,
including plastics and metals. These parts are constructed
from customized materials with almost no material waste.
As a result, AM is a technique that increases strategy free-
dom and lets engineers and designers to produce distinctive
things in low volumes on a budget. The AM technology’s
potential benefits for the environment and the environment’s
ecosystem are another motivator.

Plastics now dominate the AM market in terms of materi-
als processed, but the metal AM business is rapidly expand-
ing. AM has been increasingly popular in the current years
for the fabrication of structural components, particularly in
industries like aircraft and motorsport where large weight
savings are advantageous. There is a lot of work being
done to speed up and improve the reliability of such AM
processes. In recent years, the metals AM market [2] has
expanded far more quickly than either the polymers or
ceramics [3] sectors. It is anticipated that together with new
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manufacturing technologies, AM-based repair will become
a practical application by 2027, with the energy, automobile,
and aerospace industries perhaps accounting for 52% of all
AM sales revenue [3].

Today, there are a lot of additive manufacturing methods
vacant; they differ in their underlying working theories, the
materials that may be utilized, and the way that layers are
deposited to build things. Layers are created by some tech-
niques that soften or melt the materials, like powder bed fusion
(PBF) and direct energy deposition (DED). Two important AM
techniques that may create fully thick metallic parts for many
industrial applications are PBF and DED [4, 5]. Their various
powder delivery techniques have an impact on the as-deposited
part/surface component’s roughness, support needs, and part
complexity. PBF and DED systems held revenue market shares
of 85% and 8.3%, respectively, in the market for metal AM in
2019. [6]. According to predictions, PBF will decline to 63%
during the next 5 years, while DED technologies’ revenue share
will rise to 11.1%. [6]. This paper gives a summary of the litera-
ture on additive manufacturing, with a focus on laser manufac-
turing (LAM). This review of the literature will concentrate on
DED technology, 3D production of metallic components and
parts, and laser energy sources. The study of DED defects will
take into account the mechanical qualities, applications, avail-
able methods, and predominate processing parameters. Powder
bed fusion (PBF), which includes selective laser melting (SLM)
and selective laser sintering (SLS), and directed energy deposi-
tion (DED), which includes direct metal deposition (DMD) and
laser engineered net shaping (LENS), are two different classes
of LAM technology that can be divided based on their feed-
stock [7-9].

Due of LAM’s ability to manufacture complicated shapes,
there is a great possibility to change the invention of indus-
trial items and fabricate less heavy, more efficient parts that
allow for faster, more affordable production. LAM is better
than traditional production techniques since it can create
practically any shape, minimizing human error and lowering
costs. This results in fewer parts needing to be assembled
and a quicker product development cycle [7, 8]. LAM has
attracted significant interest from the aerospace and medici-
nal sectors and this has had a huge impact on the research of
the four types of materials utilized mostly in these industries,
which are steels, nickel-based alloys, titanium-based alloys,
and metal-matrix composites (MMCs) [10-13]. However,
it is crucial to remember that producing sound (defect-free)
counterparts using LAM technology from a variety of met-
als and alloys at a reasonable cost and performance level is
still difficult [14].

The biggest obstacle to LAM technology’s wider adop-
tion is achieving sufficient mechanical performance in
designed components [14]. Take into account, several laser
treatment variables, such as laser power, laser scan speed,
scan pattern, etc. significantly affect the LAM manufacturing
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process and need to be managed and tuned for a certain pow-
der particles and deposition geometry of the produced item
[14, 15].

The processing conditions/circumstances, such as for-
mation of a melt pool, thermal gradients, temperature,
cooling rate, and other features that rely of heat, can be
primarily affected by changing these important param-
eters. As a result, structural factors that affect microstruc-
ture, and lead to a decrease in the mechanical qualities of
the fabricated part, including as defect development are
phase transformation, grains size, crystallographic rough-
ness, and residual stresses [14, 16]. Large-scale anisot-
ropy is often produced in the created parts by remelting
and directional solidification, which are the fundamen-
tal forces behind the directional heat transfer phenom-
enon in LAM processes [17, 18]. Numerous studies have
focused on examining anisotropy in the microstructure
and mechanical characteristics of sections made utilizing
LAM technology [19, 20]. When LAM is used, anisotropy
is dependent on the metallic system and the behavior of
directional solidification, which may result in possible
heterogeneity in the manufactured part and be influenced
by processing settings. Additionally, the development of
other LAM-related problems/deficiencies such as micro-
pores and balling [21] absence of fusing may also cause
anisotropy and a decline in the mechanical characteristics
of the developed sections [22].

The LAM of metallic components is the primary topic
of this review paper, their applications, the DED technolo-
gies that are now available, the process variables in those
technologies, DED technology faults, and their mechanical
characteristics. In this review, many classes of materials,
steel, titanium and its alloys, etc. are highlighted.

2 Applications of DED

This part of the review concentrates on some of DED’s
cutting-edge, unique applications in large-scale structure
manufacturing, precision repairs, feature addition, and coat-
ing after introducing it and summarizing its advantages and
disadvantages. Other examples include multi-material con-
structions and alloy design.

Following the fabrication and installation of the compo-
nents key factors such as fatigue, heat cycles, local impact,
and corrosion results in cracks and/or local flaws. For exam-
ples, in aerospace parts such as turbine blades, corrosion or
fatigue can lead to the initiation of cracks. Most studies have
reported that stress cracks cause high performance materi-
als to fail and being thrown away as waste. Recent research
has mostly focused on reducing component failure rates and
extending component lifespans [23].
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To increase the lifespan of parts and restore their func-
tionality, repairs are required. Due to the less energy and
materials wasted, this reduces environmental impact [23].
The DED repair method is well known for producing parts
with good metallurgical bonding and post-repair mechani-
cal qualities [24]. Figure 1 demonstrates a few novel uses of
DED technology in the production of massive constructions,
repairs, and coatings.

DED process was used to repair or manufacture the tur-
bine airfoil [23, 25]. According to their study, defective
voids in turbine airfoils were successfully restored using
DED and a novel semi-automated geometric reconstruction
technique. Figure 1b shows three different stages of the tur-
bine airfoil, undamaged turbine blade; the second one shows
that turbine blades get commonly damaged at their tip; and
the last one shows a fully repaired turbine blade. It is crucial
to reconstruct this section since the turbine blades are inside
the engine, where this flaw could impair its performance.
For this, the blade is scanned, then digitally transformed
into a meshed representation that provides the net contour
of the blade.

Numerous large-scale DED, notably LP-DED, uses
have also been shown by NASA. At NASA, huge chan-
nel wall nozzles and powerhead components for rocket

Fig.1 a NASA HR-1 alloy was
deposited in a 6000 (1.52 m)
diameter by 7000 (1.78 m)
height LP-DED integral chan-
nel nozzle over the course of
90 days ([28]. b A damaged
turbine blade that was repaired
using the DED method after
being generated by the DED
procedure [23, 25]. ¢ Penn
State’s Applied Research Labo-
ratory repaired a valuable Ti-
6Al-4 V shaft [29]. d A hybrid
DEM MORI LASERTEC 65
DED system with a national
blade geometry [29, 30]
described “hard coatings of
metal carbides with diamond
reinforcement for cutting tool
applications”

engines have been the main focus. The nozzle’s design is
similar to that of combustion chambers; it incorporates
fine feature channels to do away with braze joints, and
considerable tooling is frequently used during assem-
bly. Recent testing of a 65% scale RS-25 engine inte-
gral channel LP-DED nozzle at 1.52 m in diameter and
1.78 m in height was conducted by NASA MSFC in col-
laboration with industry partners [26]. A number of ear-
lier nozzles underwent hot-fire testing with a high duty
cycle, and it was also demonstrated that they showed
LP-DED integrated channel features at lower scales [27].
The nozzles demonstrate how the number of components
in conventionally made nozzles could be decreased from
over 1100 to less than 10 in full-scale designs [28]. With
DED’s quick deposition periods, several of these compo-
nents of which were previously made using forgings or
castings and involved intensive machining have demon-
strated sizable cost and schedule savings, this component
is shown in Fig. la.

In order to reduce future erosion or damage to the
structures, DED technology can be used to restore them
while also adding material. In DED, material is deposited
using a computer-controlled deposition head that uses the
CAD file of the damaged part as a guide. Due to the fact
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that DED is a melt-cast process, the target locations are
first examined for typical areas of damage, such as ther-
mal deterioration or wear, and then a harder or more heat-
resistant material that is compatible with the base alloy is
deposited there, a diffuse interface can achieve efficient
metallurgical bonding. Due to the rapid cooling rates and
significant thermal gradients, post-DED heat treatment
is sometimes utilized to lessen residual stresses. Next,
the finish is applied to the surface while maintaining the
required tolerances [29].

The ability to extrude features on top of a casting or
traditional forging without the requirement for surface
polishing is another intriguing DED use. In this case, the
substrate becomes a component of the finished product.
By adding extruding characteristics to a simple design, it
is possible to significantly reduce the amount of material
and energy required for a full casting or machining. Full
three-dimensional components can be produced utilizing
DED systems, as shown in Fig. 1d [29].

Figure le demonstrates extremely hard metal carbide
coatings made using the DED method with diamond
dust for cutting tool applications [30]. These coatings
were effective for machining titanium and aluminum
because they exhibited numerous phases of strengthen-
ing and were free from large-sale cracking. All of the
aforementioned coatings had been used on parts created
using traditional methods. The DED’s new feature is the
capacity to deposit on completed surfaces while preserv-
ing strong metallurgical bonding to enhance site-specific
performance.

Fig.2 Classification diagram
for laser additive manufacturing
(LAM) technologies

3 Commercially available DED technologies

A lot of new systems are being created with layer-based func-
tionality as the implementation of AM systems accelerates.
Determining factors include the deposition method, the energy
source, the construction volume (size and shape), the manu-
facturing materials, the feedstock type, and others. According
to the deposition method, the ASTM F2792 standard divides
AM technologies into seven categories [31, 32]. Direct energy
deposition (DED) and powder bed fusion (PBF) techniques are
used in the additive manufacturing of metallic materials. Under
DED, processing methods such as laser engineered net shaping
(LENS) and laser metal deposition (LMD) are used for the fab-
rication of parts used in the industry whereas PBF has selective
laser melting (SLM) and electron beam melting (EBM) shown
in Fig. 2. These commercially accessible AM technologies all
rely on various heat sources, including electron beam, laser, arc
plasma, and ultrasonic-based systems [31, 33, 34], in an effort
to melt the feedstock (powder or wire).

While in a vacuum, electron beam systems operate,
laser-based devices work with local inert gas shielding
or in an inert atmosphere chamber. Despite the fact that
laser-based systems cost more than electron beam sys-
tems, they have the advantage of having little residual
tension, allowing for the usage of parts created with
an electron beam without the need for stress reduction
treatments. On the microstructure and mechanical char-
acteristics of a laser beam, the impacts of various heat
sources, traversal speeds, laser spot sizes, and other ele-
ments are investigated (see Table 1).

Wire Feed
Systems
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Table 1 Treatment of metals and their alloys using various commercial AM methods [77]

Technology Company

Description

Methods based on Laser

Direct metal deposition (DMD)
Laser engineered net shaping (LENS) Optomec, Inc
Directed Energy Deposition

Based on electron beam
Electron beam additive manufacturing (EBAM)

Sciaky, Inc

Plasma/electric arc based
Wire and arc additive manufacturing (WAAM)

Prior to becoming DM3D Tech-
nology LLC, POM Group

BeAM (Acquired by AddUp)

Not commercial yet (patented by
Rolls Royce Plc.)

Uses a proprietary loop technique to melt and deposit
metal powder while employing a laser

Melts and deposits metal powder using a laser
Uses laser to melt and deposit metal powder particles
Uses an electron beam to melt and deposit metal wire

Use an electric arc to melt and deposit metal wire

Fig. 3 Diagram of the powder
feed system-based LAM tech-
nology [72]

Powder flux

hiel
Cladding and shielding gas

coatings

With the use of different heat sources and feedstocks, the
capabilities which are offered by various DED technologies are
not the same. There are benefits and drawbacks to a many of
the DED techniques utilized to produce metal AM today, such
as layer thickness and repair/remanufacturing. The AM com-
ponents’ layer thickness has a significant impact the surface
roughness of the produced structure’s vertical walls, whereas
the beam size (laser or electron beam) and step over distance
greatly influence the surface roughness of the structure’s hori-
zontal surfaces (i.e., the distance between subsequent tracks).
Better surface finishes are provided by laser-based DED tech-
nologies compared to those based on plasma, electron beam, or
electric arc because they employ a smaller beam size, a shorter
step over, and thinner layers. The deposition rate for these tech-
nologies is, however, also reduced as a result. As they utilize
the deposition process, metal can be added to an existing part
using DED technologies. It is because of this vital competency
that DED is able to produce new parts and fix damaged ones.

Laser oplics
head

Laser beam

4 Laser additive manufacturing (LAM)
systems

PBF is a technique that involves melting or sintering pow-
ders on a platform in a series of sections created from a
specific CAD file using a heat source (typically a laser
or electron beam) (that is based on the 3D counterpart’s
geometry or design)) [31, 35].

Direct metal laser sintering (DMLS), selective laser melt-
ing (SLM), selective laser sintering (SLS), laser CUSING
(concept laser), and laser metal fusion (LMF) are PBF-based
LAM techniques for metallic components that are compa-
rable to DED [36], which, by applying concentrated energy,
such as a laser, or electron beam melts the material. On the
other hand, when the substance is deposited by a nozzle, it
melts. In certain ways, the technique is cutting-edge when it
comes to material extrusion and powder bed fusion.
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4.1 Powder feed systems

Metallic powder is fused to a chosen substrate using heat in
direct energy deposition (DED) powder feed systems. Layer
by layer, tiny particles are pushed via a nozzle and onto the
build surface, tracing the component’s cross-sectional area
(see Fig. 3) [37-39]. Laser engineered net shaping (LENS),
direct metal deposition (DMD), laser metal deposition
(LMD), and laser free-form fabrication (LF3) are powder
feed processes [40]. The deposited layer is frequently greater
than 0.1-mm thick. These systems may also produce larger
parts and have higher build volumes than powder bed fusion
(PBF) systems. The nozzle may move while the work piece
remains stationary in some cases; nevertheless, to obtain the
appropriate form, a fixed nozzle can be established while the
portion moves. DED-created 3D metallic parts have finer
grain textures than conventional manufacturing components
due to faster induced cooling rates after solidification follow-
ing the melting process [41, 42].

4.2 Feeding systems with wire feeders

Another type of DED system uses wire as the feed material,
with the metal being fused layer by layer, heated by a source
(typically a laser or arc). As shown in Fig. 4, iteratively
repeating this process creates the required three-dimensional
structure. Due to the solid wire’s quick mass transmission,
wire feed systems perform the greatest deposition responsi-
bilities and are ideal for applications requiring a high deposi-
tion rate [19, 43]. They can also be used to create enormous
construction envelopes. They confront a number of problems
as a result of their wire-based feedstock, including low com-
ponent precision and poor surface polish. Due to the larger
heat input in these wire feed systems, distortion and residual
stress reduction are even more significant [44]. Melting the
feeder wire would need more heat, and the massive molten

Fig.4 Diagram showing LAM
technology based on wire feed
deposition [31]
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pool volume accumulation could cause increased residual
stress and thermal deformation of the design.

5 Process variables in DED technology —
with the dominant processing variables

Most DED technologies including LENS and LMD melt
the feedstock by a heat source (i.e., laser, arc plasma, and
electron beam) when a wire or metal powder is used as a
feedstock. More research has revealed that reliable metal
processing requires the correct optimization of process
parameters along with a choice of build strategy during addi-
tive manufacturing. According to [45] where it was stated
that Nd: YAG lasers, diode lasers, fiber lasers, and CO,
lasers are a variety of lasers employed in laser-based pro-
cesses. Most companies are switching from traditional CO,
lasers to more of these lasers as an energy source, due to
the fact that metals absorb shorter wavelengths considerably
more strongly (such as in diode or fiber lasers in the range
of 900-1070 nm) than they do of the longer wavelengths
(wavelength approximately 10 mm).

During additive manufacturing — DED, the selection
of the best combination of process parameters is of crucial
importance, and some of the parameters such as energy den-
sity, machine chamber environment, travel speed, and power
play a major role when it comes to determining microstruc-
ture, mechanical properties, part quality, and productivity.
Porosity, microstructure, and mechanical characteristics
were studied in a study by [46], to determine how scan speed
affected these variables. It was found that scanning at high
rates of 400 or 600 mm/s causes significant pores to form,
which significantly reduces tensile strength and stiffness.
Table 2 demonstrates a few of the crucial variables that regu-
late DED procedures.

laser beam

deposited track
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Table 2 Important factors that influence DED processes [77]

Process variable DED

Source of heat

Electron beam or laser — gas metal arc or wavelength

Source of heat (W)
Beam or spot size (mm)

Feedstock

Wire or powder

Size (m), distribution, and morphology of the particles in the powder, or wire size (mm)
Feed rate for powder (g/min) or wire (m/min)
Preheating the substrate (done solely for the wire °C)

Equipment specifications

Transverse speed (mm/min)

Gas types and flow rates (I/min) for nozzles
Environment of the chamber: temperature, O, level, vacuum for processing electron
beams, inert gas chamber for reactive metals

Design and programming parameters

Thickness of the deposited layer (um)

Distance between subsequent tracks — step over (mm)

Using DED technology to create high-quality parts is not
an easy task. Numerous processing factors are connected
to the DED process, all of which control the temperature
history and solidification of the deposit and significantly
affect the microstructure, physical properties, and mechani-
cal characteristics of the material as-deposited. The follow-
ing studies focus on the main process variables that can be
controlled throughout the DED process and how these vari-
ables impact the microstructure and behavior of the depos-
ited material.

The DED method uses arc plasma, laser beams, and
electron beams as heat sources. Therefore, samples made
using a DED method go through frequent heat cycling and
extremely high melt pool cooling rates (for laser melting, the
temperature ranges between 10°~10° K/s) [47, 48]. When
solidification takes place, it produces microstructures that

Fig.5 Illustration showing
DED process parameters

Laser Power

Laser Spot Size

are delicate, out of equilibrium, contain considerable resid-
ual stresses, and in certain situations, shatter [49, 50].

The majority of the work done entailed choosing a param-
eter combination that would produce a specific deposit
geometry. In a study done by [50], where a combined param-
eter technique was devised to accommodate parameter sets
like specific energy and energy density with aspect ratio and
feed rates taken into account for Nimonic 75 (alloy with 80%
Ni and 20% Cr composition containing Ti and C as addi-
tives), in the early ages, this alloy was used as a turbine blade
because it has strong mechanical qualities, heat resistance,
and corrosion resistance. It is challenging to characterize
and evaluate the effects of each processing parameter (and
their crosslinking interactions) on the material as it is being
deposited due to the complicated temperature history and
the large number of parameters indicated in Fig. 5 below.

DED Processing Parameters

Material Properties Laser Scan Speed

Powder Shape Laser Powder

Powder Size Hatch Spacing

Powder Mass Flow
Rate

0,and H,0 in Chamber

@ Springer
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6 Typical defects in DED

The non-equilibrium processing technique known as DED
is characterized by rapid cooling rates and substantial ther-
mal gradients. These heat conditions can cause complicated
phase and microstructural modifications, porosity, crack-
ing, distortions with residual stresses that are not uniform,
which all have a negative impact on early failure, mechanical
characteristics (such as ductility and fatigue strength), and
corrosion resistance. The numerous parameters used in AM
processes not only have an impact on the process itself but
also on its interacting effects. Obtaining dependable, repro-
ducible, and high-quality products requires an understanding
of the many faults that arise during AM procedures and how
these are impacted by different process factors. Numerous
studies have shown that these flaws depend on particular
alloy systems and part geometries [51, 52].

6.1 Residual stresses and distortion

Layer by layer is the nature of the DED process, hence dur-
ing DED-AM, the generated part has a very complicated
thermal history that involves melting, remelting, and reheat-
ing the material [48, 53]. The quick cooling and heating
cycles and dynamic temperature distribution of the com-
ponent are the primary causes of residual stress during AM
processing, according to a study by [48]. Residual strains
are produced in the manufactured component as well as in
the substrate during the transition from a liquid to a solid,
during solidification, as well as during a number of solid-
state transformations, like martensitic transformation or pre-
cipitations (or build plate).The powder feeding rate, laser
power, laser transverse speed, and route strategy are design
and process variables that may have an impact on a produced
part's thermal history, microstructure, and degree of residual
stresses [48] (Fig. 6).

Residual stresses have an impact on deposited compo-
nents and materials. In DED-AM, residual stresses may lead
to phase transitions, deformation [54-56], cracking, and
delamination, among other problems.

ol

Fig.6 During the DED deposition of Stellite alloys, cracking owing
to residual stress occurred. Reproduced from Dutta., 2019. Metals:
Science, Technology, and Additive Manufacturing Applications

@ Springer

One of the most often employed strategies for decreas-
ing residual stress is preheating the substrate, according to
[54]. According to a study by [57], when the substrate is
preheated to about 400 °C, there is a 27.4% increase in sub-
strate distortion when printing the first layer. In a study by
[55], residual strains and deformation brought on by DED
were examined. They found that residual stresses dropped by
80.2% and distortions by 90.1%, respectively, when substrate
preheating and build chamber heating were coupled. These
investigations have demonstrated that while preheating the
substrate, printed products, and build chamber can reduce
residual stresses, but does not completely eliminate them.

6.2 Porosity

Unmelted powder particles, gas porosity from absorbed
gases or prior gases present in powder particles, inter-bead
voids caused by a high layer thickness to bead width ratio,
porosity due to melt pool instability, or shrinkage porosity
from rapid solidification are a few of the various sources
of porosity in additive manufacturing parts. Poor process
parameter selection may cause the goods to produce poros-
ity. Gas porosities are often fairly tiny and spherical in shape
(typically 10 to 200 mm in size). Gas entrapment can hap-
pen in DED processes when the process gases blow through
the process nozzle, resulting in gas porosity in the finished
product. A superheated melt pool also has additional effects
like porosity and gas dissolution. In contrast to the porosities
brought on by the absence of fusion, gas porosities (shown
in Fig. 7a) often have a smaller quantity and magnitude.
Residual porosity, which is brought on by the presence of
gases or the absence of fusion, is one of the most likely
challenges for LAM processes. Inadequate melting of the
powder or wire material is the main factor causing fusion
porosity. Typically, these pores extend into the layer plane
and have irregular shapes. Gases from the powder/wire feed-
ing scheme or gases produced during material processing,
particularly when they are entrapped inside powder or wire
during construction, cause pores to form. These pores often
take the form of spheres and can appear anywhere, as seen
in Fig. 7b for 17-4PH stainless steel cause the porosity of
the manufactured parts to grow. In the fabrication process,
higher laser peed and scan speed can lead to the formation of
larger porosities, as demonstrated in Fig. 7c for Ti-6Al-4 V
titanium alloy [31].

6.3 Delamination and cracking

The most frequent occurrence is in multilayer manufactur-
ing, where the severity of thermal strains resulting from the
quick heating and cooling cycles of DED-AM techniques is
further increased [48]. Delamination, which is the separa-
tion of two succeeding layers, or between the first layers that
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Fig.7 a Gas porosity in DED
(DMD) deposited 4047 Al.
Reproduced from [51]. Science,
Technology and Applications of
Metals in Additive Manufactur-
ing. Elsevier Inc. b Spherical
and irregular morphologies for
the porosities inside the LAM
deposited part 17-4PH stainless
steel [31, 73]. ¢ Distribution of
porosities with different mor-
phologies for the porous manu-
factured Ti-6Al-4 V titanium
alloy materials for laser traverse
velocities of 360 [31, 74, 75]

were deposited and the baseplate, is brought on by residual
interlayer tensions that are greater than the material’s yield
strength [48, 54]. Delamination often occurs when the pow-
der is either partially or completely melted or when lay-
ers below the melt pool are not sufficiently remelted [52].
High stress concentrations exist at the interface between the
construct and the baseplate, where it frequently happens
(Fig. 8).

Because AM techniques require rapid cooling rates, solid-
ification shrinkages can result in cracking. Numerous met-
als and alloys that are vulnerable to cracking during fusion
welding are probably also vulnerable to doing so when pro-
cessing DED-AM [58]. Cracking caused by solidification,
often called hot cracking, and liquation cracking are the
two primary types of cracking in components made using
additive manufacturing [54]. The most common type, hot

Fig.8 a The delamination of
M2 high speed samples fabri-
cated by LAM, and b hot crack-
ing in Stellite alloy processed
by DED [51]. Metals: Science,
Technology, and Additive
Manufacturing Applications

cracking, happens near boundaries. High tensile stress is
created when the upper, hotter layers’ contract more than the
lower layers do [52, 58]. This kind of cracking typically hap-
pens when the amount of energy used during the operation
is too much for the material being processed, but it can also
happen depending on how solidification occurs [52]. Dete-
rioration of static and dynamic mechanical characteristics,
a reduction in corrosion resistance, and early failure are all
effects of cracking and delamination.

6.4 High surface roughness

DED is a near-net-shape procedure, hence, to achieve
the necessary tolerances and surface quality, finishing by
machining or polishing may be necessary. According to
[54, 58], the main cause of the high surface roughness of
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DED’ed parts may be balling caused by Raleigh instability
at high laser scanning rates, which causes the molten pool to
break into small islands that are dragged to the outside bor-
ders of the molten pool [48, 59]. Numerous material feed-
stock, component design, production, and post-processing
variables and factors have an impact on surface roughness
[54]. The terms “balling” and “stair steeping” are explained
below.

The mechanical characteristics of the deposited parts,
particularly fatigue, as well as their dimensions and geo-
metric tolerances, are significantly influenced by surface
roughness. It has been asserted that depending on the AM
technique, a surface roughness of roughly 200 mm can
diminish fatigue strength by 20-25% [60]. Increasing the
heat helps smoothen the surface (providing it does not
exceed a certain level, which would result in excessive
thermal stresses and an uneven rate of solidification). For
instance, this can be obtained using a strong laser and a
slow scanning speed. Other strategies make use of thin-
ner layers and finer powder particles. Last but not least,
post-processing procedures like HIP and chemical/elec-
trochemical polishing are frequently used.

6.5 Balling effect

Molten material contracts along the beam train during LAM
operations to lower its surface energy. The balling effect
results as a result. The most significant factors in regulat-
ing this occurrence are the oxygen content, scan interval,
laser intensity, and scan speed [61]. The power spreading
system and blade movement in the PBF system may suffer as
a result of this metallurgical process’s potential to enhance
part porosity and surface irregularity [62]. Figure 9a depicts
the outcome of single-track laser deposition at various scan-
ning rates in 316L stainless steel. When oxygen is present
in the construction chamber, the molten pool oxidizes. The
material is less wettable when there is oxide on the surface
[63]. The molten pool shrinks and makes less contact with
the substrate when the scan speed or laser power is elevated

Fig.9 a The occurrence of a
balling effect during the deposi-
tion of 316L stainless steel on a
single track was demonstrated
by varying the laser traversal
speeds [63]; b diagram demon-
strating the stair-stepping effect
in items made with additive
manufacturing [76]
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outside of the optimum range. The balling effect is brought
on by inappropriate wettability and molten flow. This phe-
nomenon can be controlled in addition to modifying the
process parameters by remelting the scan track to create an
interface with a more tolerable wettability [61, 63].

6.6 Stair stepping effect

The layer-by-layer build-up method used in AM techniques
leads to stair-stepping, which adversely affects the prod-
ucts’ surface polish, as schematically depicted in Fig. 9b.
For curved geometries or inclined surfaces relative to the
build trend, this issue is particularly difficult. This effect,
which directly affects the surface polish, is influenced by the
thickness of the layers used throughout the technique. The
increasing layer thickness causes the resulting specimen to
have poor surface quality. The proper deposition orientation
and process parameters are necessary to control this influ-
ence [59].

7 Mechanical properties

7.1 Residual porosity’s impact on the components
manufactured by DED-AM

With LAM, high density metallic components with compa-
rable mechanical qualities to those of their conventionally
manufactured equivalents can be produced. A significant
obstacle to producing these parts of good quality and with
the appropriate mechanical qualities is avoiding a porous
structure. These pores may encourage the start of cracks
and mechanical deterioration of the material’s ductility and
impact characteristics. The main objective of parameter opti-
mization in LAM therapy is consequently to create high-
density components [31, 64, 65]. The volumetric energy
intensity of the beam that is applied normally determines
the density of the products. Energy input must be sufficient
to prevent cavities from forming during manufacture from

designed model

fabricated part
with layer thickness h

fabricated part

with layer thickness 2h
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Fig. 10 a The Ti-6Al-4 V alloy’s tensile, yield, and elongation char-
acteristics after being created using a number of AM procedures. Hot
isostatic pressing (HIP), laser designed net shaping (LENS), direct
metal laser sintering (DMLS), electron beam melting (EBM), and
heat treatment (HT) are all acronyms for the same procedure. Repro-
duced with permission from Dutta. Current state, challenges, and
prospects in titanium alloy additive manufacturing. b In compari-
son to other commercial production procedures (combined casting,
forming, and heat treatment), histograms showing the primary ten-
sile properties of LAM-deposited 17-4 PH stainless steel employing

insufficient melting, which reduces bulk density. The con-
fined melt pool dynamics, volatile spatter, material evapora-
tion, and gas entrapment, on the other hand, are made worse
by high volumetric energy. Additionally, because spherical-
shaped pores are present, this leads to porosity, which results
in a reduction in density. A surface layer balling effect and
thermal stress may also emerge from this [31]. Mechanical
quality may decrease if ideal requirements are broken too
frequently. A cluster of faults in 316L stainless steel can
result from insufficient melting [31, 66] and these flaws can
be significantly more detrimental to the mechanical prop-
erties of the manufactured structure than spherical pores
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various PBF and DED techniques. ¢ Engineering stress—strain curves
comparing the austenitic and martensitic stainless steels generated
using laser additive manufacturing with those produced using rolling
in commercial manufacturing in terms of their tensile flow properties
[68]. d A stainless steel with improved ductility and strength can be
produced via AM, as shown by the tensile engineering stress—strain
curve for LPBF 316L austenitic stainless steel. The minimal require-
ments for 316L stainless steel’s tensile properties are shown as yellow
dashed lines

(Masker et al., 2016). A higher stress concentration in the
material may result from the larger flaw.

7.2 LAM products’ tensile and elongation
properties

The strength of the manufactured components is signifi-
cantly influenced by their microstructure and density. It is
commonly known that LAM-produced components have a
more precise microstructure and greater tensile strength than
those produced by conventional techniques, this is because
of the fast solidification effect.
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Despite the fact that DED materials typically have lower
tensile strengths than wrought materials, it can be on par
with or even exceed that of wrought materials depending on
alloy systems. Ti-6Al-4 V that was created using a variety of
AM processes is depicted mechanically in Fig. 10a. Strength
levels in all of the procedures are greater than or on par with
those of traditional material (casted, forged, and annealed
wrought). The creation of the martensite a’—phase makes
materials produced by laser-based DED methods like DMD
and LENS less ductile as-built; however, the ductility can be
increased with further HIP and/or heat treatment operations.
For comparison, the graphic also shows material qualities
from the DMLS and EBM methods [67].

The best mechanical qualities can be attained using various
methods and directions, as shown in Fig. 10b. According to the
statistics, the yield strength of LAM components manufactured
as-invented is less than that of the wrought sample. The pro-
cessing conditions and test orientation have a significant impact
on the specimen’s elongation. Components made of PBF, how-
ever, are just as ductile as those made of wrought metal. Even
though worked components frequently have higher hardness
than unworked components, heat-treated LAM specimens are
stronger than untreated LAM material.

The mechanical characteristics of S316L austenitic and
S410L martensitic stainless steels may differ significantly
when they are wrought and after laser additive manufactur-
ing. The S316L is martensitic and experiences an austenite to
ferrite phase transformation, but the S410L is austenitic and
does not undergo any further transformation. Considering this,
Fig. 10c provides an illustration and comparison of the tensile
flow characteristics of various materials. After LAM deposi-
tion, austenitic stainless steel has significantly lower strength
and ductility than commercial wrought steel. This is linked to
the development of unusually large and coarse grains, which
is encouraged by controlled solidification. Nevertheless, LAM
deposition results in a severe ductility loss at the expense of a
large tensile strength gain of more than two times greater for
martensitic stainless steel. The mechanisms of plastic deforma-
tion that regulate the hardening and brittle tensile behavior are
altered by the appearance of martensitic laths and micro-twins
at the interfaces [68, 69].

Due to their distinct microstructures, AM austenitic
stainless steels exhibit fascinating tensile testing behavior
that differs from those of parts made using more traditional
methods. In contrast to its wrought/cast counterpart, laser
powder bed fusion (LPBF) has proven to be able to produce
316L stainless steel that is more ductile (with 36-59% of
elongation compared to 30-43% for conventional methods),
stronger (with the PBF having an ultimate tensile strength of
640-700 MPa compared to the one for conventional methods
which is 450-555), and yield strength of 450-590 MPa for
LPBF in comparison to 160-365 MP [70, 71]. Figure 10d
illustrates how LPBF 316L stainless steel has better tensile

@ Springer

characteristics than its typical counterpart. This is mostly
because to the prevalence of low angle grain boundaries and
many Nano inclusions, which limit the migration of disloca-
tions. Given that conventional manufacturing cannot solve
the strength-ductility conundrum, the exceptional strength-
ductility combination of 316L austenitic stainless steel rep-
resents a remarkable achievement for additive manufacturing
(Wang et al., 2018 and Sun et al., 2018).

8 Conclusion

Without a doubt, LAM is expanding quickly in the manufac-
turing sector due to a rise in the demand for LAM-fabricated
steel and titanium parts with improved properties for use
in the energy, biomedical, and aerospace industries. These
advantages include the ability to produce products in almost
any shape or geometry quickly, with less time and material
waste, longer product lifespan (due to the ability to repair
damaged parts while in use), and, of course, at a lower cost.
This review focuses on the mechanical properties of the
LAM, common defects, important processing factors, and
its applications, particularly direct energy deposition (DED)
and powder bed fusion (PBF), and examines its capacity
to create parts with properties that are better than or even
on par with those of parts produced using traditional tech-
niques. Additionally, this study explains how LAM enables
the fabrication of steel and titanium parts with densities that
are nearly 100%. This paper concludes that LAM is a novel
strategy to raise steel and titanium production in light of
these advantages.
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