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Directed energy deposition (DED) is a branch of additive manufacturing (AM) processes in which a
feedstock material in the form of powder or wire is delivered to a substrate on which an energy source
such as laser beam, electron beam, or plasma/electric arc is simultaneously focused, thus forming a
small melt pool and continuously depositing material, layer by layer. DED has several unique
advantages compared to other AM processes, such as site-specific deposition and repair, alloy design,
and three-dimensional printing of complex shapes. Herein, recent advances as well as the main aspects
governing laser-material interactions during the DED process, melt pool thermal behavior, advanced
in situ monitoring, and interaction mechanisms are critically reviewed. The most critical processing
variables and their influence on the deposited material properties, along with defect formation
mechanisms and characterization techniques, are also identified and discussed. An overview of high-
end applications, current challenges associated with DED processing, and a critical outlook of the
technology are presented.
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Introduction
Additive manufacturing (AM), also known as three-dimensional
(3D) printing, has been identified as one of twelve disruptive
technologies that comprise the fourth industrial revolution
(Industry 4.0) [1]. In 2013, GE Aviation adopted metal AM for
their production line [2]. In 2018, GE Aviation already produced
over 23,000 flight-quality additive parts and targeted to manu-
facture 100,000 parts by 2020 [3]. The metals AM market [4]
has grown in recent years much faster than either the polymers
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or ceramics [5] segments. By 2027, the aerospace, automotive,
and energy sectors may capture 52% of the total metals AM rev-
enues [5]. It is expected that AM-based repair will come up as an
actual application along with new manufacturing technologies.

Powder bed fusion (PBF) and directed energy deposition
(DED) are two important AM processes [6] capable of producing
fully dense metallic parts for different industrial applications
[7,8]. Their different powder delivery mechanisms affect part
complexity, support requirements, flexibility of material usage,
and surface roughness of the as-deposited part. In 2019, the rev-
enue market shares of PBF and DED systems with respect to the
metal AMmarket were 85% and 8.3%, respectively [9]. It is antic-
ipated that in the next five years, the revenue share of DED tech-
nologies will increase to 11.1% while PBF will decrease to 63%
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[9]. In another report, it was predicted that the market for DED
would reach almost $755M by 2025 [10]. The leading manufac-
turers of DED systems with powder feedstock and laser energy
source include Optomec�, Inc., Trumpf, BeAM, FormAlloy,
DMG MORI, InssTek, Inc., and Nanjing Zhongke Raycham Laser
Technology Co., Ltd.. Manufacturers of DED systems with wire
feedstock include GKN Additive and Mazak (laser energy source);
WAAM, Norsk Titanium AS, Gefertec GmbH, Prodways Tech,
and Lincoln Electric (plasma/electric arc); Sciaky, Inc., and Evo-
beam GmbH (electron beam). It was the Sandia National Labora-
tories that licensed in 1997 the technology of Laser Engineered
Net Shaping (LENSTM), one of the first commercialized DED pro-
cesses, to Optomec�, Inc. (Albuquerque, NM) [11].

The quality and properties of parts manufactured by DED
depend on (i) the type of DED technology (including the types
of feedstock and heat source); (ii) the build environment (vac-
uum, inert gas, or ambient); (iii) beam-material interactions;
(iv) deposition parameters (mainly, laser powder, laser scan
speed, hatch spacing, powder feed rate, laser scan strategy); and
(v) feedstock attributes. Besides, DED deposited parts are exposed
to rapid and repeated heating–cooling cycles during a layer-by-
layer deposition that can create unique microstructural features,
non-equilibrium phases, solidification cracking, directional
solidification, residual stresses, porosity, delamination, and war-
page. In general, DED samples often exhibit anisotropy in
mechanical properties and heterogeneous microstructures due
to the deposition's directional nature. Thus, the thermal history
of DED processes controls both the macrostructure and
microstructure, which might influence the mechanical proper-
ties of as-deposited parts. Some of the defects associated with
metal AM can be eliminated, or at least significantly reduced,
by process optimization, in situ monitoring, and feedback con-
trol, thus achieving superior component quality.

Several broad-spectrum reviews have been published on metal
AM (e.g., [12–16]) focusing on AM technologies, applications,
and/or materials, while only a few have been dedicated to DED
technologies [17–26]. These are focused on thermal and fluidic
phenomena, process parameter maps, optimization and control,
mechanical behavior, and applications. In recent years, signifi-
cant development is occurring with DED technology in alloy
design, repair of critical structures, and bimetallic/multi-
material structures. The present review is focused on laser-
material interactions, DED’s most critical processing variables,
and defects formation and characterization in the deposited
material. A more concise summary of the principles, advantages,
disadvantages, and applications of DED, as well as a brief discus-
sion of current challenges and future directions, are also pro-
vided for completeness.
Directed energy deposition (DED) – principles,
advantages, and disadvantages
This section briefly summarizes the general principles of DED
and its advantages and disadvantages, mainly as compared to
PBF. These two processes are complementary, not competing,
with DED having major advantages in high-throughput new
material development and processing of multi-materials on the
one hand, and rapid manufacturing of large near-net-shape parts
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with good mechanical properties on the other hand. A concise
comparison is also made between DED processes with either dif-
ferent heat sources or different material feedstocks.

DED is an AM process that is highly adapted for deposition of
high-performance materials such as stainless steels, tool steels,
alloy steels, titanium-based alloys, cobalt-based alloys, nickel-
based alloys, aluminum alloys, high-entropy alloys, inter-
metallics, shape memory alloys (SMAs), ceramics, composites,
and functionally graded materials (FGMs) [27]. DED uses a high
energy density heat source (laser, electron beam, or plasma/elec-
tric arc) that is focused on the substrate, forming a small melt
pool and simultaneously melting the feedstock material deliv-
ered into the melt pool in the form of either powder or wire
[25,27–29]. As the heating source moves forward, the deposited
metal solidifies on the substrate, forming a metal track. The
metal tracks overlap each other based on the pre-defined hatch
spacing (i.e., the distance between successive metal tracks). After
completing a layer, the deposition head and the feedstock deliv-
ery system move upward by a small distance (slice thickness) to
deposit the next layer (Fig. 1b). Thus, deposition of all layers pro-
duces a 3D near-net-shape component, similar to the computer-
aided design (CAD) model. Before deposition, the 3D digital
model is sliced using software to specify slice thickness, hatch
spacing, and the deposition path in each layer. Table 1 compares
DED processes with different heat sources with respect to some
selection criteria [30]. Table 2 compares some characteristics of
powder feedstock versus wire feedstock DED.

Based on the energy source and type of feedstock, commer-
cially available technologies are referred to as laser metal deposi-
tion (LMD), direct metal deposition (DMD), laser solid forming
(LSF), LENSTM, directed light fabrication (DLF), electron beam
additive manufacturing (EBAM�), or wire plus arc additive man-
ufacturing (WAAM) [29,31]. Some DED technologies such as
LENS, DLF, and EBAM deposit the metal in a closed chamber
with either a controlled atmosphere glove box or under vacuum,
whereas DMD and WAAM use controlled inert gas shroud to pre-
vent oxidation of the deposit. Some DED systems can deposit
multiple materials simultaneously and allow the multiple-axis
deposition to process reasonably complex geometries. DED is
also a useful technique for filling cracks, retrofitting manufac-
tured parts, and repairing high-value metal parts [21,22,32].
DED is capable of depositing large volumes of materials very fast
(typically, from 0.5 kg/h for LENS [33] to 10 kg/h for WAAM [34])
and with huge work envelopes (e.g., 6 � 1.4 � 1.4 m for existing
commercial printers) [33].

Some international standards are already available for DED
processes [30,35]. ASTM 3413 [30] lists the following advantages
of the DED process: (1) a broad range of feedstock materials; (2)
multi-materials, composites and FGMs can be processed; (3)
often better static and dynamic mechanical properties in the
as-deposited condition than in PBF-deposited parts; (4) part char-
acteristics can be adjusted locally; (5) printing either full parts or
local features, coatings, or repair in a single machine; (6) high
deposition rates; (7) larger parts possible compared to PBF; (7)
design freedom is typically high relative to conventional manu-
facturing processes; (8) high technology readiness level (TRL) or
manufacturing readiness level (MRL) compared to some other
AM processes; (9) some DED machines are hybrid, namely they



FIGURE 1

(a) Schematic of DED's critical advantages over PBF from materials design to repair to applications. (b) Microstructure, multiple interfaces, thermal cycling,
defects, and residual stress, and (c) interaction among injected powder, laser beam, and melt pool in DED, which in some cases results in keyhole formation in
the melt pool. (b) and (c) reprinted from Ref. [37], with permission from Elsevier.

TABLE 1

Comparison between DED processes with different heat sources [30]. Build volume refers to the relative size of components that can be processed by
the subject process. Detail resolution refers to the ability of the process to create small features. Deposition rate refers to the rate at which a given
mass of product can be produced. Coupling efficiency refers to the efficiency of energy transfer from the energy source to the substrate, and Potential
for contamination refers to the potential to entrain dirt, gas, and other possible contaminants within the part.

Heat source Build volume Detail resolution Deposition rate Coupling efficiency Potential for contamination

Laser 3 2 2 1 3
Electron beam 4 1 3 4 4
Plasma/electric arc 3 1 3 4 2

* Comment: 1 is the lowest, and 4 is the highest.
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allow additive-subtractive manufacturing [36]; (10) AM on non-
horizontal surfaces is possible; (11) larger powder particle sizes
are used in DED with laser compared to PBF with laser (both cost
and safety advantages); (12) in-space printing in zero-gravity
environment is possible when using DED systems with wire-
feed, electron beam energy source, and vacuum chamber.

DED processes suffer from the following disadvantages: (1)
shrinkage, residual stress, and deformation can occur due to local
temperature differences; (2) they have a lower-dimensional reso-
lution (and sometimes accuracy) compared to PBF with a laser
beam, with larger surface waviness; (3) in blown powder systems,
higher surface roughness is obtained compared to laser-beam
PBF; (4) complexity of parts might be limited, in particular in
machines confined to three degrees of freedom; (5) post-
fabrication machining is often required; (6) lower powder effi-
ciency and powder recyclability compared to PBF, in particular
when printing a mixture of powders. Fig. 1a shows the schematic
of DED's critical advantages over PBF from materials design to
repair to applications. Research areas involving advanced materi-
als design to applications in structural, functional, and biomedi-
cal areas can only be catered using the DED-based metal and
multi-material AM.

Applications of DED
After introducing DED and its pros and cons, this section high-
lights some existing and emerging unique applications of DED
in alloy design and multi-material structures, manufacturing of
large structures, repair, and coatings.

Since the commercialization of DED technology in the mid-
1990 s, its unique capabilities have enabled applications in sev-
eral areas apart from printing a 3D structure. Fig. 2 shows a few
unique applications of DED technology in manufacturing large
structures, repair, and coatings [38–43]. Repair of large, high-
value metal parts is a common practice industrially, where weld-
ing is typically used, followed by surface finishing. However, for
large and/or expensive parts, DED technology can repair the
273



TABLE 2

Powder feedstock vs. wire feedstock DED processes.

Parameter Powder Wire

Deposition rate U U 1

Feedstock material variety U

Feedstock material cost U

Machine cost U 2

Safety U

Power efficiency U 3

Feedstock capture efficiency U 4

Larger part sizes U

Higher energy input required to melt feedstock U

Lower porosity U

Operation in zero gravity U

Higher resolution U

More complex geometry U

Printing multi-materials U

Surface finish U

Dimensional accuracy U

1 Similar deposition rates can be achieved with laser-powder, laser-wire, and e-beam-wire;
higher rates are achievable with arc-wire.

2 Arc-wire systems are the cheapest.
3 e-beam and arc systems have the highest power efficiency.
4 �100%.

FIGURE 2

DED applications in the manufacturing of large parts, repair, and coatings. (a
permission from Elsevier. (b) Repair of a large-scale tubular structure [38]. � C
bonding in addition to increased bioactivity in vitro. Reprinted from Ref. [41], w
increased bioactivity. Reprinted from Ref. [42], with permission from Elsevier.
Reprinted from Ref. [39], with permission from NASA. (f) Hard coatings of metal c
from Ref. [43], with permission from Elsevier.
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structures and add material during repair to minimize future ero-
sion or damage (Fig. 2b) [38]. This is done using a computer-
controlled deposition head in DED to deposit material based
on the CAD file of the part being repaired. First, the part is ana-
lyzed for common areas of damage, for example, thermal degra-
dation or wear, and then a higher hardness or high-temperature
resistant material that is compatible with the base alloy is depos-
ited in target locations. Since DED is a melt-cast process, good
metallurgical bonding is attained with a diffuse interface. Post-
DED heat treatment is sometimes used to reduce residual stresses
due to fast cooling rates and high thermal gradients. Finally, sur-
face finishing is done to meet the necessary tolerances. Fig. 2e
shows NASA’s half-scale, 1.016 m height, RS25 rocket nozzle
liner with internal features built in 30 days using laser powder
DED to reduce costs and lead times for aerospace applications
[39]. Such large metal parts are challenging to manufacture using
any other AM technology and are typically large-scale multi-step
processes in traditional manufacturing. Fig. 2a shows that LENSTM

can be used to repair internal defects in Inconel 718 and other
metals. Milling trapezoidal-shaped slots was reported to provide
better defect zone preparation for repair than rectangular slots,
) Multiple repair and deposition strategies. Reprinted from Ref. [40], with
opyright Optomec, Inc. (c) Tantalum coating on titanium showing strong
ith permission from Elsevier. (d) Calcium phosphate coating on titanium for
(e) A large-scale rocket nozzle manufactured for aerospace applications.
arbides with diamond reinforcement for cutting tool applications. Reprinted
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while diagonal build direction and heat treatment were found
preferable to minimize wear on repaired samples [40]. With a
robotically-controlled free axis DED arm, repair of difficult to
reach structures such as inside a tube is also possible with depo-
sition of materials along all 360 degrees. Fig. 2c, d, f shows differ-
ent functional coatings applied to a base material to enhance
performance [41–43]. In Fig. 2c, tantalum (Ta) coating is applied
on Ti via DED [41]. Tantalum's melting point is very high
(>3000 �C), causing traditional processing to be challenging as
regular melt-cast processing routes are impossible for Ta. Yet,
Ta absorbs the laser energy and has low thermal conductivity,
making it easy to melt using laser-based DED. Moreover, Ti and
Ta have a complete solid solubility at high temperatures. Thus,
Ta coating on Ti was accomplished via DED with excellent met-
allurgical bonding [41]. Ta-coated Ti also showed good bone cell-
material interactions in vitro, paving the way to use this technol-
ogy by applying Ta coatings on metallic implants to improve bio-
compatibility. In Fig. 2d, a calcium phosphate (CaP) coating is
applied via DED on Ti to enhance the implant's osseointegration
in vivo. Since the Ti-CaP coating material is a metal-ceramic com-
posite, interfacial strength is very high compared to a pure CaP
ceramic coating on Ti, the current gold standard in orthopedic
and dental implants.

Yet, biocompatibility improvement is nearly the same for Ti-
CaP coatings made by DED and conventional pure CaP coatings
[42]. Fig. 2f demonstrates DED-processed hard coatings of metal
carbides with diamond dust for cutting tool applications [43].
These coatings were free from large-sale cracking, exhibited mul-
tiple reinforcing phases, and were found useful in machining of
aluminum and AM titanium. All of the abovementioned coatings
had been applied to parts manufactured via conventional
approaches. However, the novelty of the DED is the ability to
deposit on finished surfaces to improve site-specific performance
using coatings maintaining strong metallurgical bonding.

Fig. 3 shows two other critical areas of applications for DED
processes – alloy design and multi-material structures [44–49].
Alloy design via traditional approaches requires extensive high-
temperature capabilities and large amounts of raw materials.
Using DED, a large variety of alloys can be deposited in a combi-
natorial manner under a controlled environment to down-select
promising compositions for further analysis in a short period of
time. Using a multi-hopper DED system and a programmed pow-
der delivery system, even a single part can be made with varying
compositions from one end of the part to the other end, a classic
multi-material compositionally graded structure. Such options
make a DED machine almost an ideal tool for metallurgists for
coming up with structures offering site-specific performances.
Fig. 3a shows laser metal deposition (LMD) of blocks consisting
of FGM structures of �500 lm thick layers of Cr–Mo–V hot work-
ing tool steel and Ni-based maraging steel [45]. Fig. 3b shows
LENSTM deposition of an aluminum alloy block [46]. A recent
study showed DED-processed Al 5xxx alloy with altered chem-
istry from the Al 5083 feedstock to Al 5754 in the as-printed con-
dition due to selective evaporation of Mg, a typical challenge
that needs to be accounted for in many systems with alloying
elements having varying melting points [44]. Fig. 3c shows
high-temperature Cu alloy, GRCop-84, deposited on Inconel
718 with a metallurgically strong interface to enhance the super-
alloy's thermal conductivity. A more than 300% increase in ther-
mal conductivity was reported due to the GRCop-84 layer on 718
alloy [48]. Fig. 3d shows an alternating titanium-niobium carbide
structure with different metal and ceramic phases for directional-
thermal/structural applications [47]. Such an approach can gen-
erate composites in which reinforcements are only placed where
they are needed, thus having site-specific properties. Fig. 3e
shows LENSTM deposited steel tube with the composition varying
from magnetic ferritic stainless steel (SS) 430 to non-magnetic
austenitic SS 316 [49]. These examples highlight a few unique
areas where the DED technology platform makes a significant
difference in manufacturing advanced materials beyond just
printing some 3D shapes based on their CAD files.
Current challenges
Although DED technology is growing rapidly worldwide, many
scientific and technical challenges need attention to make this
technology platform more versatile. The PBF is a more popular
metal AM technology platform due to its ability to better toler-
ances than those achievable in DED. In recent years, hybrid
AM (HAM) is becoming popular with DED to meet the tight tol-
erances in parts. In a HAM system, a DED head is coupled with a
computer numerical control (CNC) machining center. After
depositing a few layers, turning or milling operations are done
to meet the tolerances. The final part looks more like machined
parts than a typical AM processed part. Although HAM is excit-
ing, since both deposition and machining are done during the
same operation, the build time is relatively long. Moreover,
extensive CNC programming and process planning are needed
for each part based on its geometry and complexity to decide
when to machine and when to deposit material. Such compli-
cated operations may require more experience in running a
HAM system than a PBF or a DED machine alone. Additionally,
in a HAM system, metal chips from machining can get mixed
with the excess powders from the deposition head and cause
more material loss from each build operation.

Similarly, for a multi-material part, depending on the deposi-
tion head, typically 20–75% of the blown powder is captured in
the actual part, while the remaining powder is scattered on the
deposition tray. Separation of such mixed powders can be quite
challenging, increasing the powder waste and DED operation
cost. To avoid this problem, sometimes pre-mixed powders are
preferred instead of on the fly mixing for DED operation where
unused powders can be collected to reduce starting powder
waste.

In this regard, it is essential to note that the powder's recycla-
bility is also an issue in DED. How many times starting powders
can be reused or mixed with fresh powders or what happens to
the powders' flowability after running through the DED opera-
tion are all critical questions that require elaboration. Metallurgi-
cal compatibility is another critical factor that needs a more in-
depth understanding to move DED for manufacturing multi-
material parts. Like other metal AM processes, DED involves fast
cooling rates and is controlled by non-equilibrium thermody-
namics and related kinetics. Therefore, standard phase diagrams,
which are developed using equilibrium thermodynamics, have
limited applicability in DED. Naturally, printing multi-material
275



FIGURE 3

DED applications in alloy design and multi-material structures. (a) A concept of processing multi-material structures using DED. Reprinted with permission
from John Wiley and Sons: Steel Research International [45], � 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Compositionally designed
aluminum alloy block with >99% relative density [46]. � Copyright Optomec, Inc. (c) A bimetallic structure composed of Inconel 718 and GR-Cop84 (copper
alloy) processed via LENSTM showing increased thermal conductivity in rocket-nozzle walls. Reprinted from Ref. [48], with permission from Elsevier. (d)
Alternating titanium-niobium carbide structure with different metal and ceramic regions for directional-thermal/structural applications. Reprinted from Ref.
[47], with permission from Elsevier. (e) Bimetallic stainless-steel structure processed using LENSTM showing distinct regions of magnetic (430SS) and non-
magnetic (316SS) steels. Reprinted from Ref. [49], with permission from Elsevier.
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structures may require extensive trial-and-error type experiments
to identify the processing windows where all compositions can
be deposited without cracking and other defects.

Predictive capability using computational materials science,
advanced machine learning methods, and in situ monitoring
and adaptive control techniques involving physical, chemical,
and thermal properties of different alloys will be advantageous
in the coming years to establish metallurgical compatibility for
manufacturing monolithic and multi-material parts. Some of
the other issues are more related to DED machines. For example,
most DED deposition heads have three axes of freedom. How-
ever, a machine with a 5-axis or a free-axis deposition head opens
the possibility of manufacturing a wider variety of additional
structures or repairability with more complex geometries. Simi-
larly, most DED systems employ a 500 W or a 1000 W lasers as
the heat source. Although higher power lasers can increase print-
ing speed, there may be a compromise with part resolution in
high laser power machines. And finally, although most DED
operations use metal powders as the feedstock material, the
cheaper wire-feed DEDs are also available. Metal wires are signif-
icantly cheaper than metal powders, and wires are safer and
easier to store than powders. However, melting metal wires
276
require higher laser power, which makes wire-feed DED systems
more expensive.

Laser–material interactions
To properly understand and eventually control the DED's ther-
mal environment, it is necessary to understand the underlying
laser beam-powder-melt pool (LB-P-MP) interactions. Fundamen-
tal understanding of the underlying mechanisms that govern
DED will facilitate proper adaptive control of the ensuing
microstructure, residual stresses, and defects, with the ultimate
goal of optimizing material properties and performance. This sec-
tion reviews related aspects, such as inflight powder particle heat-
ing, spatial and temporal thermal fields present in the melt pool,
particles-melt pool interactions, and their monitoring in situ. A
brief discussion of heat source-wire interactions is also included,
although this area lags behind the powders' equivalent.

Laser powder-based DED involves powder delivery at a prese-
lected and controlled rate using an inert gas as a carrier media.
The powder is directed towards the melt pool via a series of noz-
zles. The powder flow acquires a conical geometry as it emerges
from the nozzles and travels towards a melt pool [50,51]. The
concentric powder streams converge as they approach the melt
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pool, leading to inter-particle collisions as well as LB-P-MP inter-
actions. Heating, melting, vaporization, and solidification all
occur during DED. As such, deposited materials are typically
characterized by a layered structure, experience multiple thermal
cycles, and generally contain pores and residual stresses, as
shown in Fig. 1b [37]. In the region adjacent to the melt pool,
injected powder particles interact with both the laser beam and
the melt pool, as illustrated in Fig. 1c. Convective turbulent flow
is associated with the melt pool, and in some cases, deposition
conditions lead to the formation of a 'keyhole,' which originates
from the metal vapor that is sometimes created when a material
is processed using conditions involving very high laser beam
intensities.

These phenomena are critically dependent on the thermal
and physical properties of the material being deposited and on
process parameters, including laser power and intensity profile,
powder flow rate, velocity and trajectory, and the scan geometry
and frequency of laser pass, for example. Therefore, much ongo-
ing research aims to establish a fundamental understanding of
the underlying mechanisms that govern DED to properly exer-
cise adaptive control over the ensuing microstructure, residual
stresses, and defects with the ultimate goal of optimizing mate-
rial properties and performance.

Inflight particle heating
The injected powder particles emerge from the nozzle and inter-
act with the laser beam. Depending on the process conditions
and the local power density, the powders simultaneously attenu-
ate the laser beam and absorb thermal energy. As a result, powder
particles are heated and possibly melted as they travel towards
the substrate's surface, depending on the thermal and momen-
tum fields present [51,52]. An example of a thermal image of
powder particles interacting with a laser beam is shown in
Fig. 4a. The geometrical relations illustrated in Fig. 4b show
how trajectory and incidence angle can affect temperature as par-
ticles arrive at the melt pool [52]. The amount of thermal energy
absorbed by the powder particles as they travel towards the melt
pool depends on the particle density and the associated thermo-
physical properties, as well as on particle morphology and size
distribution; the residence time in the laser beam and the gas
velocity also affect the transfer of thermal energy [53].

In a related study, the partitioning of energy during DED was
investigated in detail for the particular case of 316L SS powder
and an Nd:YAG laser [54]. The numerical and experimental
results indicated that the substrate absorbed 30% of the laser
power and reflected approximately 54%; the powder reflected
11%, 4% was lost due to dispersed powder, and notably, only
1% was absorbed by the deposited powder. Similar results were
reported in another study on the influence of powder trajectories
and residence time within a laser beam [55].

The partitioning of laser energy during DED deposition is also
closely related to the working distance (WD), defined as the dis-
tance from the nozzle plane to the deposited material's surface.
During the deposition, the WD converges to an equilibrium
value, critically influenced by thermal energy accumulation, ini-
tially in the powder mass and eventually in the deposited mate-
rial. The energy that is absorbed by the powder is transferred into
the melt pool as the powder is deposited or is dissipated into the
environmental chamber if the powder is diverted away from the
melt pool, as illustrated in Fig. 4c, d. To properly understand and
eventually control DED's thermal environment, it is necessary to
fully understand the underlying LB-P-MP interactions. However,

this remains a formidable challenge, given the melt pool's small

size, large thermal gradients, and the solid/liquid interface's fast
movement. For example, when the feedstock powder experi-
ences a high temperature before impingement onto the melt
pool, the localized deformation during impact and its associated
temperature variation and microstructure will differ, depending
on the local position in the melt pool. High-speed photography
and thermal imaging, along with numerical simulations, are
essential tools that can be used to characterize the attenuation
effects that particles have on the laser beam, particle melting,
and particle-pool interaction behavior during the DED process,
while high-speed thermal imaging provides detailed information
related to the thermal behavior (namely, thermal gradients and
cooling rates) in the vicinity of the melt pool.
Thermal behavior of the melt pool
The laser beam impinges on the surface of the material being
deposited, resulting in a focused and fast-moving melt pool dur-
ing DED. To properly understand the mechanisms that govern
microstructure evolution during DED requires knowledge, not
only of the laser beam's interactions with the melt pool but also
on the spatial and temporal thermal fields present in the melt
pool. Monitoring the thermal-based signatures (e.g., melt pool
temperature gradients and cooling rates) during the deposition
process allows the prediction of microstructural evolution char-
acteristics (e.g., dendrite arm spacing and grain morphology),
mechanical properties (tensile strength and wear resistance),
and defect formation (e.g., porosity and cracks). As such, non-
contact thermal imaging, such as visible and near-infrared (IR)
radiation pyrometry, can be applied to determine the thermal
characteristics of the melt pool and the associated cooling rates
[56–61]. In a related study, a single-wavelength high-speed digi-
tal charge-coupled device (CCD) video camera was used to mea-
sure the thermal images obtained during DED deposition of 316L
SS [61]. A 650 nm broad band pass filter and telephoto lens were
used to image the deposition path. A measured solidification
interface temperature of 1650 K for 316L SS showed that the melt
pool size increased with laser power up to 275 W. These results
reveal that the cooling rate is �103 K/s and that the highest cool-
ing rate can be obtained at the lowest power and highest laser
scan speed. Another experimental study involving a high-speed
digital CCD video camera with a top view of the melt pool was
also reported [56,59]. Compared to the experimental arrange-
ment in [61], the camera in these studies was stationary and
had the same focal point as the laser. Thus, in this way, the cam-
era was always in focus and could image the melt pool regardless
of the x, y, and z locations. The thermal behavior of WC–Co cer-
met was studied during DED using an in situ high-speed thermal
imaging arrangement (viewed from the top) (see Fig. 4e and f), in
combination with finite element analysis (FEA) [56], to provide
fundamental insight into the factors that influence microstruc-
ture evolution. The image is shown in color to show the temper-
ature in degrees Kelvin, while values on the x- and y-axes show
277



FIGURE 4

(a) Thermal image of the heated powder particles at the nozzle exit for a 1000 W laser power, and (b) geometric relations. Reprinted from Ref. [52], with
permission from Elsevier. (c and d) According to the Beer-Lambert law and powder spray pattern, energy partitioning as the laser is absorbed and scattered
by powder in flight. Reprinted from Ref. [51], with permission from Elsevier. (e) Experimental arrangement showing a thermal measurement system
positioned above the DED system, and (f) a thermal image of a WC–Co sample looking from the top when layer 5 was deposited. Reprinted from Ref. [56],
with permission from Elsevier.
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the pixel’s image size. The white arrow illustrates the traverse
direction of the laser beam. The in situ high-speed thermal imag-
ing can be applied to quantify the thermal gradients and cooling
rates in the region close to the melt pool, whereas the 3D FEA is
implemented to cover the entire deposited region. In the case of
non-rebounding particles traveling through the laser beam, there
is a threshold z-height below which particles will become
immersed in the pool and above which the particles will com-
pletely miss the melt pool [51].

A two-wavelength pyrometer, another thermal imaging sys-
tem, has received attention for the study of DED processes
mainly because it uses the ratio of radiation's relative intensities
at two different wavelengths. One benefit of this approach is that
it is independent of an absolute emissivity value, thus providing
a more accurate temperature measurement [60], with a margin of
error reportedly between ±6 �C. The thermal behavior of DED-
processed 316L SS was investigated [60] with an imaging pyrom-
eter recording within a dynamic range from 1500 to 2500 K. The
thermal gradient and cooling rate in the melt pool and the sur-
rounding region were derived from the temperature profile,
278
showing that the temperature gradient from the center of the
pool is on the order of 102 � 103 K/mm, and that the cooling rate
is on the order of 102 � 104 K/s in the DED processed zone. One
limitation of the thermal imaging methods is their inability to
acquire the entire thermal history of deposited components,
especially the solidified materials' temperature variation.

Particles–melt pool interactions
In situ monitoring can provide crucial information on the influ-
ence of process parameters on powder flow, including laser-melt
pool interactions, laser-particle interactions, melt pool dynamics,
and pore formation. A recent study using a high-speed camera
was carried out to measure the interactions between particles in
flight and with the melt pool [62]; this study generated helpful
information to analyze and understand particle melting and
particle-pool interactions DED process. Fig. 5 shows several
frames that reveal notable details as the powder particles travel
and impinge on the melt pool [62]. The results reveal individual
powders arriving at the melt’s surface, leading to the formation
of ripples. These particles remained on the surface for



FIGURE 5

Powder flow (a) from the front of the nozzles to the substrate, (b) from one nozzle to capture particle velocities, (c) lower speed video (10 kHz) provides (d) a
one million particle dataset to identify spatial concentration of the spray, (e) flight during single track deposition, (f) respective particle trajectory tracking, and
velocity components plotted in (g). Reprinted from Ref. [62], with permission from Elsevier.
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�0–600 ms before being absorbed into the melt. In some cases,
particles bounced away from the surface after interacting with
particles already present on the surface. To provide statistical
information on the particles’ velocity profiles, powder trajecto-
ries were traced from the high-speed images (Fig. 5f). Moreover,
this study also formulated and implemented a three-phase (gas,
liquid, solid) computational fluid dynamics (CFD) model to
determine the mechanisms that govern particle impact, melt
pool dynamics and wettability. The CFD model results were then
compared to experimentally obtained results for individual parti-
cles of 316L SS [63]. Overall, this study helped establish the influ-
ence of material thermophysical properties, residence time,
particle size and temperature, impact velocity, melt pool condi-
tions and surface tension during DED.

Cunningham et al. [64] measured single-track laser-materials
interactions using a Ti–6Al–4V baseplate in a recent fundamental
study. Using in situ imaging (Fig. 6a), it was shown that the evo-
lution of vapor depression and keyhole formation depended on
input laser energies. It was found that lower laser powers and cor-
responding input energies tend to decrease the laser's effective
drilling rate, reducing the amount of keyholing that occurs.

In another study, high-speed X-ray imaging was used to char-
acterize both the powder flow and the laser's interactions with
the melt pool [65]. A specially designed DED apparatus was used
to image the DED deposition of Ti-6Al-4V powders. Results pro-
vide novel insight into the influence of laser-melt pool interac-
tions on porosity formation [65]. Fig. 6b provides interesting
detail on the formation of gas pores and pore evolution from a
keyhole cavity. The figure also shows that the collapse of a cavity
near the bottom of the melt pool leads to a particle's ejection
from the surface (i.e., this is described as spattering). Generally,
spattering occurs due to the presence of large pressure gradients,
or recoil pressure, induced by the vapor-plasma plume and helps
stabilize the melt pool during the DED process, potentially lead-
ing to the formation of surface defects or increased surface
roughness.
Laser–wire interactions
In laser wire-based DED, a technique based on laser welding with
wire filler, the process is also sensitive to the interactions
between laser beam and wire. Findings related to laser-matter
interactions are not necessarily applicable to both powder-
based and wire-based DED processing, given that the two pro-
cesses are dissimilar. In addition to laser power, traverse speed
and wire feed rate, there are additional parameters that influence
the interactions between the wire feeder and the laser beam, such
as laser/wire or laser/substrate angle, wire tip position relative to
the melt pool, wire protrusion distance and feed direction, which
require careful tuning [66]. The wire is generally deposited via
globular transfer, smooth transfer, or plunging during process-
ing. It is essentially a requirement that the molten wire tip is in
physical contact with the melt pool at all times for defect-free
deposition.

The closed-loop process monitoring and control with visual
sensing and image processing have been developed and imple-
mented for laser wire-based deposition processes to achieve good
process stability [66–68]. The interactions between the wire tip
and the melt pool during a deposition process can be monitored
using a Complementary Metal Oxide Semiconductor (CMOS)
camera. The visual feedback helps identify any disturbances
and evaluates the controller’s efficiency [66]. The time interval
between when the wire tip enters the laser beam and when it
later enters the melt pool relies on the wire nozzle’s position
and angle. The wire tip will melt prematurely when exposed to
excessive energy, forming droplets of molten wire, leading to
the formation of a “weak link” rather than the situation when
there is a smooth transfer. If the wire feed rate is too high relative
to the melt pool's energy input, the wire might not be appropri-
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FIGURE 6

(a) Single-track laser experiments (stationary laser) over a Ti–6Al–4V build-plate show the melt pool's evolution and corresponding vapor depression 'keyhole'
of a solid material over the time range of 0–1.7 ms. Reprinted from Ref. [64], with permission from the American Association for the Advancement of Science
(AAAS). (b) Evolution of cavity, melt pool, porosity, and spattering in a DED simulation experiment with a laser power of 250 W and a scan speed of 100 mm/s.
Reprinted from Ref. [65], with permission from Springer Nature.
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ately melted, increasing the risk of lack of fusion (LoF) defects. A
review of the published literature suggests that research into the
fundamental mechanisms that govern the laser beam and wire
interactions remains relatively limited and that further work is
needed.

Visualization techniques, such as high-speed imaging
described above, continue to be improved and provide critical
new capabilities that will facilitate an in-depth understanding
of some fundamental scientific questions related to laser-
material interactions and microstructural evolution during DED
materials processing. For instance, what are the mechanisms that
govern pore formation and residual stress evolution? We antici-
pate that new and more sophisticated visualization techniques
will continue to evolve and mature, driven by the need to fabri-
cate increasingly complex DED components. Recent examples of
280
such complexity are provided by recent work on functionally
graded composites, directionally solidified components, and
non-equilibrium microstructures, which often require unusual
combinations of process parameters.
Dominant processing variables in DED
The fabrication of high-quality parts by DED technology is not a
straightforward task. The DED process is associated with many
processing variables, all of which control the deposit's thermal
history and solidification and significantly affect the as-
deposited material's microstructure, physical and mechanical
properties. In this section, the dominant process parameters that
govern the DED process and their influence on the microstruc-
ture and behavior of the deposited material are reviewed. In addi-
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tion, current and potential techniques for DED process optimiza-
tion are discussed.

DED processes use a focused heat source in the form of laser
beam, electron beam, or plasma/electric arc. Thus, samples pre-
pared with a DED process experience repeated thermal cycling
and very high cooling rates of the melt pool (103–105 K/s for
laser melting [69]), which upon solidification results in fine,
out of equilibrium microstructures with high residual stresses,
and in some cases – cracking [70]. For blown-powder DED pro-
cesses, the process parameters influencing the deposited mate-
rial are classified into three main branches: (1) system
(specifications) dependent, (2) feedstock (powder, in this exam-
ple) dependent, and (3) process (deposition) variables depen-
dent. These are presented in Fig. 7. The complex thermal
history and the high number of the processing parameters
listed in Fig. 7 render it difficult to fully characterize and study
each parameter’s effect (and their crosslinking interactions) on
the as-deposited material.

It is worth noting that similar to welding processes, the DED
process is highly dependent on distinct properties of the powder
FIGURE 7

DED process parameters diagram.
feedstock material, including chemical composition, melting
temperature, thermal conductivity, reflectivity, specific heat
capacity, melt viscosity, melt surface tension, spectral emissivity,
etc. [71]. The high dependence of the material properties on the
deposition process results in a need for material-specific process
optimization. In recent years, various numerical simulations
and in situ monitoring techniques accompanied by closed-loop
adaptive control were presented to address this challenge, pre-
dicting, correlating, and controlling the optimal processing
parameters for the deposition of a given material [23,65,71–78].
Fig. 8 shows an example of a schematic workflow simulation of
a compositionally graded rocket nozzle processing. Such a model
enables determining the optimal process parameters based on a
pre-defined geometry and material properties by modeling the
deposition processes using modeling the thermal, solidification,
microstructural, and performance numerical simulations. Based
on the simulated optimal process parameters, the deposition pro-
cess is executed according to a pre-defined tool path combined
with in situ monitoring techniques and closed-loop feedback
control [79].
281



FIGURE 8

Flow chart for DED AM of a critical component combined with FEA simulation, in situ monitoring, and feedback control to optimize process variables [79].
Adopted with permission from Elsevier.P
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To date, such advanced and complex in situ simulation-
monitoring-control methods are still considered a big challenge.
Among others, the online detection and in situ repair of defects
formed during part processing (e.g., porosity, LoF defects, distor-
tion, inclusions) and other process signatures (e.g., melt pool
geometry and temperature, powder stream distribution, deposit
height) with sufficient response time are limiting factors. How-
ever, the introduction of advanced adaptive control and in situ
monitoring techniques based on machine learning algorithms
show very promising abilities to optimize the numerous process
parameters, perform online process monitoring, and control the
process during the deposition process [78,80–82]. Experimental-
based process optimization tools, such as the design of experi-
ments (DOE) methods, are considered standard practices. The
DED processing parameters and their crosslinking synergistic
and antagonistic interactions directly affect the resulting
microstructure, mechanical and physical properties of the as-
deposited material. Though numerous reports have studied the
influence of the DED process-dependent parameters on the as-
deposited material properties [83–95], the correlation between
the crosslinking interactions has not yet been studied in depth.

The laser power, laser scan speed (also referred to as traverse
speed), and powder mass flow rate (PMFR) are considered as three
primary DED processing variables in practice [24,29,96–99]. On
the other hand, parameters such as hatch spacing, diameter of
the energy source, z-step, and working distance are commonly
defined as constant throughout the optimization process based
on preliminary material-specific experimental data [97,100]. This
282
is usually achieved by the deposition and analysis of single/dou-
ble tracks with various sets of processing parameters.

Effective energy density, E (J/mm2), and powder density, F (g/
mm2), parameters are commonly utilized as factors that express
the combination of the dominant processing parameters for cor-
relation with continuous deposition and deposit aspect ratio
[101]:

E ¼ P
md

ð1Þ

where P is the laser power (J/s), m is the laser scan speed (mm/s), and d
is the laser beam diameter (mm),

F ¼ G
md

ð2Þ

where G is the powder mass flow rate (g/s).
Both parameters jointly control the laser's effective residence

time and directly affect the melt pool temperature, cooling rate,
and the resulting microstructure. Furthermore, the powder flow
rate was reported to affect the laser attenuation near the powder's
consolidation plane into a single stream, and thus indirectly
affect the energy density, too [55]. In a recent study, Traxel
et al. [102] showed that a comparison parameter, S, is insightful
for DED processes, where S is defined as:

S ¼ P
mG

ð3Þ

The comparison parameter is similar to Simchi’s energy input rela-
tionship [103]; however, it is more useful for DED processes. In
another recent report, DED was employed for the deposition of



FIGURE 9

(a) Effect of laser energy density on grain morphology and average grain size (AGS), and (b) porosity of as-deposited Inconel 718. (a and b) reprinted from Ref.
[104], with permission from Elsevier. (c) Schematics and workflow of DED processing design using LENSTM. (d) Initial deposition tracks with variable powder
flow rate, and (e) characteristics of builds at different flow rates. (c–e) Reprinted from Ref. [102], with permission from Elsevier.
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Inconel 718 [104]. It was found that the microstructural features like
grain morphology, dendritic arm spacing, and porosity (Fig. 9a and b)
significantly vary with the applied laser energy density. Compared to
its wrought form, the as-deposited Inconel 718 had reduced average
grain size and dendritic arm spacing. This was ascribed to the inherent
high cooling rates in the DED process. Fig. 9c–e shows the influence of
S in multi-track experiments using Ti–6Al–4V. Increasing powder flow
rate in S decreases the overall energy input as more mass is delivered
to the melt pool, which requires more energy to melt the material
[102]. In these experiments, complete melting of particles was selected
as the main factor for a quality build. However, all other factors,
including aspect ratio and build heights, were viewed as secondary
indications. The effect of energy density and powder density on the
height of single-layer deposition of AISI M4 tool steel has been
reported as well [105]. The results indicated that the deposit's average
layer height increases with an increase in both the energy density and
the powder density. Furthermore, a linear correlation was observed,
allowing to predict the deposit height for a given energy and powder
densities.

In the case of DED of Inconel 718, the laser energy density
was considered a robust parameter resulting in similar material
porosities at similar energy densities [106]. However, a recent
report [44] has shown that even with the same energy densities
in the DED of Al-Mg alloy, the obtained material density varies.
The discrepancies in results show that the specific energy density
cannot serve as a single individual robust process parameter, but
one should take into account additional factors like feedstock
material characteristics and powder mass flow rate. The feedstock
material properties, including laser reflectivity, thermal conduc-
tivity, and melt pool surface tension, can directly affect the as-
deposited material properties and defect formation. For example,
to accomplish a complete melting of Al-based alloy powder, high
energy input is required due to its inherently high surface reflec-
tivity [107–109] and high thermal conductivity [110,111]. This
leads to the evolution of a non-stable melt pool and excessive
thermal energy accumulation, which might result in defects such
as cracks and pores in the as-deposited material [108]. Further-
more, the high laser energy needed to melt such powder may
also affect the final composition of the as-deposited material
due to the vaporization of low melting point alloying elements
such as Mg, Zn, etc. Consequently, such chemical composition
variations may affect the resulting microstructure, porosity,
mechanical properties, and corrosion resistance. On the other
side, insufficient laser energy might result in an inability to prop-
erly melt the powder feedstock, causing a balling effect or voids
along the circumference [112].

In blown-powder DED processes, the feedstock is delivered
into the molten pool through the deposition head nozzles. Thus,
the powder mass flow rate is an important parameter that deter-
mines the amount of feedstock introduced into the molten pool.
However, the amount of material introduced into the molten
pool is also determined by the deposition head movement,
which is equivalent to laser scan speed. Thus, laser scan speed
can control the energy density and the amount of material deliv-
ered into the melt pool. Several studies showed that laser scan
speed influences the melt pool's solidification behavior [113–
115]. Hence, it significantly influences the microstructure and
mechanical properties of the deposited material [116]. The com-
bination of powder flow rate and laser scan speed determines the
effective residence time of laser per amount of powder intro-
duced into the melt pool [19]. In general terms, increased resi-
dence time will increase the volume of powder introduced into
the melt pool and the energy input, yielding larger deposits.
However, increasing the powder density is not the only parame-
ter that affects powder catchment efficiency. The powder feed-
stock's catchment efficiency is defined as the powder that is
283
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incorporated and absorbed in the molten pool [116–118]. Physi-
cal material properties such as melt pool temperature, surface
tension [117,118], and powder flow dispersion characteristics
[51,119] may also affect the catchment efficiency, and conse-
quently – the deposit geometrical properties.

The molten pool and deposit geometry evolution in Inconel
718 were studied [120] through 3D numerical simulation accom-
panied by validation experiments. It was shown that while an
increase of the applied laser power does not affect the deposited
layer height, it does cause an increase in melt pool width and
penetration depth (Fig. 10). This phenomenon was explained
by the fact that increased laser power results in increased catch-
ment efficiency due to increased molten pool surface area. There-
fore, an increased powder mass is dispersed over a larger melt
pool, and thus it has a minor effect on the deposit height.

As DED processing of 3D parts and its unique capabilities such
as surface cladding and repair are in increasing demand in high
impact industrial applications, efficient process optimization
becomes a necessity. However, while numerous studies have
tried to describe the mechanisms and effect of the various DED
process parameters on the deposited material microstructure,
defect formation, and properties, a deep fundamental under-
standing of the governing mechanisms and the synergistic and
antagonistic interactions between them are not yet fully
understood.

Defects in the deposited material and their
characterization
DED is a non-equilibrium processing technique with fast cooling
rates and high thermal gradients. These thermal conditions can
FIGURE 10

Top view (a) and side view (b) of experimental versus simulation single-track d
deposit geometry (c) and penetration depth (d) of Inconel 718. Reproduced fro
300s. � American Welding Society.
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lead to complex phase transformations and microstructural
changes, non-uniform residual stresses, and distortions, porosity,
cracking, and consequently – degradation in corrosion resis-
tance, mechanical behavior (e.g., ductility and fatigue strength),
and premature failure. These are the subject of this section. For-
mation mechanisms, measurement, modeling and mitigation of
these defects are discussed. Table 3 summarizes some of the main
defects, their origin, selected effects on the material properties
and part, and their characterization techniques. The following
subsections discuss them in more detail.
Residual stresses and distortion
Origin of residual stresses: All thermomechanical manufacturing
processes inevitably result in formation of residual stresses
[121]. Due to DED processes' layer-by-layer nature, the part goes
through a highly complex thermal history, including melting,
remelting, and reheating the material [27,57,74,122–125].
Fig. 11a shows a model for residual stress formation during the
heating and cooling cycles. Fig. 11b shows the in situ thermocou-
ple readings during LENSTM deposition of H13 steel box. Each
peak represents the thermocouple response as the laser passes
over the thermocouple [57]. DED is a non-equilibrium processing
technique with fast cooling rates of 102–104 K/s [53,86,124–126]
and thermal gradients on the order of 104–105 K/m [57,127]
(Fig. 11c and d). This can lead to complicated phase transforma-
tions and microstructural changes [124,126]. The residual stres-
ses introduced by AM can be highly non-uniform, both
spatially and in the build direction, and often have high gradi-
ents of up to �102 MPa/mm [128,129]. Overall, the key physical
factors governing the evolution of residual stresses and distortion
eposits at different laser power. The effects of applied laser power on the
m Figs. 8 & 9 in Ref. [120], Welding Journal, August 2014, vol. 93, pp. 292s–



TABLE 3

Characteristics of the primary defects in DED-processed materials and their characterization techniques.

Defect Defect’s origin Defect’s selected effects
on the deposited
material properties

Defect’s characterization
techniques

Mitigation

Residual stresses
and distortions

High cooling rates and thermal
gradients

Induced phase
transformations, loss of
geometric tolerance,
cracking, delamination,
degradation in fatigue
behavior, premature failure

Hole drilling, serial sectioning,
ring-core drilling, X-ray and
neutron diffraction, speed of
sound, Barkhausen noise,
computational models

Substrate preheating,
preheating the chamber and
printed part during deposition,
optimization of the scan
strategy, post-print heat and
surface treatments

Porosity High laser energy density,
feedstock porosity, selective
evaporation, entrapment of
shielding gas, insufficient
energy input (LoF)

Degradation of mechanical
properties (mainly fatigue
life), facilitated crack
propagation, anisotropy,
reduced corrosion
resistance

Archimedes method, ultrasonic
pulse-echo velocity
measurements, image analysis
of metallographic cross-
sections, X-ray micro-
computed tomography (l-CT),
hard X-rays in synchrotron
facilities, gas pycnometry

Process optimization, control
of the powder feedstock's
composition and quality, HIP
post-print treatment

Cracking and
delamination

High cooling rates and thermal
gradients, either too high or
too low energy input, physical
and metallurgical properties of
the deposited material

Degradation of both static
and dynamic mechanical
properties, reduced
corrosion resistance,
premature failure

Metallographic cross-sections,
crack opening and
fractography in SEM; NDT:
magnetic particles,
radiography, l-CT, ultrasonic,
computational modeling

Process and geometric
optimization, e.g., substrate
and chamber preheating,
materials compatibility when
printing jointly multi-materials

High surface
roughness

Low heat input, large powder
particles, high laser scanning
speeds; a variety of material
feedstock, part design,
processing, and post-
processing conditions and
variables

Adverse effects on
dimensions and geometric
tolerances, degradation of
mechanical properties
(particularly fatigue)

Contact or non-contact
profilometry (including AFM
and CLSM), SEM

Increase of heat input, small
layer thickness, finer powder
particles, post-processing (e.g.,
HIP and
chemical/electrochemical
polishing)
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in DED are similar to those in fusion welding [12]. Residual stres-
ses are classified into three types based on the size of their effects,
from macro-stresses (Type I) to atomic-scale stresses (Type III)
[130].

Effects of residual stresses on deposited materials and parts: Resid-
ual stresses in AM parts might have a multitude of consequences,
including residual stress-driven phase transformations [131], dis-
tortion [12,122,130], loss of geometric tolerance [12], cracking
[29,132,133], delamination of parts from the substrate [132],
early crack propagation under cyclic loading [12,130,134,135],
and, as a result, premature failure of structural components.

Residual stress measurement: Residual stress measurement is a
non-trivial task. Calculation of residual stresses requires the
acquisition of some other measurable quantities, e.g., displace-
ment/distortion, lattice spacing, or sound speed. Residual stress
measurement techniques are typically classified into destructive
and non-destructive. Destructive techniques are based on
mechanical stress relaxation and include hole drilling [57,136–
139], serial sectioning, and ring-core drilling. Non-destructive
techniques are based on measuring lattice spacing (diffraction
techniques) [137,140–143], speed of sound [136,137], or Bar-
khausen noise (sound emitted by a ferromagnetic material under
an external magnetizing field) [136,144]. Most approaches are
based on assumptions, and care needs to be taken to ensure these
assumptions are valid for the specific component of interest. A
detailed review of residual stress measurement techniques can
be found in [136–140]. Computational models, which are based
on the numerical solution of thermal-stress equilibrium equa-
tions, are often also employed to describe the evolution of stres-
ses and displacements as a function of time in 3D models [12].

Mitigation: One of the most popular residual stress reduction
approaches is preheating of the substrate [12], building chamber,
and the printed part during deposition. This allows a reduction
of the overall thermal gradients in part during printing, minimiz-
ing the accumulated residual stresses. Corbin et al. [147] demon-
strated that preheating the substrate to �400 �C can reduce the
substrate distortion accumulated during printing the first layer
by 27.4%. Lu et al. [122] developed a 3D thermo-mechanical
FEA to study distortions and residual stresses induced by DED.
Their findings indicate that when substrate preheating is com-
bined with build chamber heating, both the residual stresses
and distortions can be reduced by up to 80.2% and 90.1%,
respectively (Fig. 11e). Vasinonta et al. [146] also formulated a
thermo-mechanical model to study temperature gradients and
part and baseplate preheating on the residual stress of stainless
steel parts fabricated by LENS. Their results suggest that uniform
part and baseplate preheating considerably reduces the residual
stress. The maximum reduction of �40% residual stress was
achieved by preheating the part and the baseplate to 400 �C
(Fig. 11f). These studies show that preheating of the substrate,
build chamber, and the printed parts provide a practical
approach for residual stress mitigation; however, preheating does
285



FIGURE 11

Origin of residual stresses in DED. (a) Model for residual stress formation: heating phase (left) and cooling phase (right). Reprinted from Ref. [145], with
permission from Elsevier. (b) Response during LENS fabrication, demonstrating a complex thermal history of the printed part. Reprinted from Ref. [57], with
permission from Elsevier. (c) Digital image of the molten pool during laser DED of 316 SS, and (d) temperature gradient along the gradient line,
demonstrating large temperature gradients during DED. Reprinted from Ref. [57], with permission from Elsevier. Influence of the preheating on the distortion
and residual stress during DED: (e) Calculated distortion generated during laser DED of Ti-6Al-4V. Preheating of the build chamber reduces the accumulated
distortion. Reprinted from Ref. [122], with permission from Elsevier; (f) Influence of the part and baseplate preheating on thermal gradients and the resulting
residual stress. Higher preheating temperatures lead to lower thermal gradients and, consequently, lower residual stresses. Reprinted from Ref. [146], with
permission of the ASME.
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not eliminate the residual stresses. Further post-processing might
be required.

Another approach for residual stress mitigation during print-
ing is optimizing the scan strategy [12,29]. Shorter deposition
length, scanning in smaller islands, spiraling-in deposition strat-
egy (as opposed to spiraling-out), increased scan speed, and
decreased layer thickness to below the melt pool depth were all
found beneficial for mitigation of both residual stresses and dis-
tortions [12,29]. The setting of track width and hatch spacing
should make beads overlap [29]. Denlinger et al. [148] employed
a series of in situ and post-process distortion measurements on Ti-
286
6Al-4V and Inconel 625 parts processed by laser DED to study the
effect of interlayer dwell time on part distortion. They demon-
strated that increasing the interlayer dwell time from zero to
40 s during deposition of Inconel 625 allows for additional cool-
ing during deposition and reduces residual stress from �710 MPa
to � 566 MPa. On the other hand, the increase of dwell time
from zero to 40 s during the printing of Ti-6Al-4V resulted in
an increase of residual stress from �98 MPa to �218 MPa
(Fig. 12a). These findings show that the development and evolu-
tion of residual stress are highly material-dependent. Specifically,
differences in the behavior of Inconel 625 and Ti-6Al-4V may be



FIGURE 12

Residual stress mitigation by scan strategy optimization. (a) Influence of the
interlayer dwell time on the residual stress in Inconel 625 and Ti–6Al–4V.
Reprinted from Ref. [148], with permission from Elsevier. (b) Deposition
patterns by LSF, and (c) FE modeling results showing the influence of scan
strategy on the temperature gradients during laser DED. (b and c) Reprinted
from Ref. [150], with permission from Elsevier. The lowest gradients are
obtained with a fractal scan strategy following a Hilbert curve.
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attributed to differences in phase transformations during print-
ing. Woo et al. [149] investigated the influence of scan strategy
on the residual stress in FGM prepared by laser DED. Results of
the study show that the range of stress Dr can be reduced from
�950 MPa for 0� hatch rotation to �680 MPa for 90� hatch rota-
tion, and then further reduced to �430 MPa for island or
“checkerboard” strategy. Yu et al. [150] employed a fractal scan-
ning strategy, where the layers were scanned following a Hilbert
curve (Fig. 12b), namely a continuous fractal space-filling curve.
They demonstrated that the parts printed with this strategy
exhibited lower substrate deformations than conventional scan
strategies due to the quasi-symmetric temperature distribution
at the end of the deposition process and lower temperature gra-
dients introduced by the fractal scanning strategy (Fig. 12c).
These studies demonstrate that scan strategy has a large influence
on the residual stresses and distortion in DED.

Residual stresses can be further decreased by post-print heat
treatment. In situ compression tests were performed to study
the stress relaxation induced by heat treatment of Inconel 625
parts via neutron diffraction [151]. The evolution of stresses
within both additively manufactured and conventionally pro-
cessed parts was quantified, and the analysis of both macroscopic
stress and stress in grains with different crystallographic orienta-
tions was performed. At the same temperature and applied strain,
AM-processed parts exhibited higher stress relaxation rates than
those of the conventionally processed parts, regardless of the
crystallographic orientation of the grains. Additionally, AM-
processed parts demonstrated lower peak and plateau stresses as
compared to conventionally processed parts. This difference
was attributed to differences in texture and grain size of the
two materials. Employing neutron diffraction, it was demon-
strated [152] that residual stress in laser-DED-printed Inconel
625 parts can be relieved by heat treatment at 870 �C in Ar for
1 h. However, heat treatment also leads to precipitation of car-
bides, which reduces the reference strain-free lattice spacing,
leading to potential errors in the computation of residual stres-
ses. Zhang et al. [153] further analyzed the phase composition
and precipitation kinetics of Inconel 625 at temperatures rele-
vant to stress-relief heat treatments. Their findings indicate that
elemental segregation caused by AM processing is the root cause
for unusual precipitation behavior in heat-treated Inconel 625.
These studies indicate that post-print heat treatment is an effec-
tive strategy for residual stress relief [29], but alloy-specific strate-
gies must be developed to avoid the formation of undesirable
phases.

Post-print surface treatments have been successfully
employed to adjust the stress state of DED parts. For example,
magnetic field-assisted finishing (MAF) was found to reduce
residual stresses on AM parts' surface from ca. 200 MPa to ca.
�70 MPa, converting the tensile stress into compressive on the
part’s surface [154], as shown in Fig. 13a. Residual stresses and
distortion in WAAM parts can also be reduced by mechanical
tensioning of the substrate or intermediate rolling of deposits
[12]. Laser shock peening (LSP) has been explored as a post-
print treatment to modify the surface stress in laser-DED Ti-
6Al-4V parts [155]. This approach allowed for modification of
residual surface stresses from ca. 100 MPa to ca. �200 MPa
(Fig. 13b) and increased microhardness from ca. 361 VHN to
ca. 420 VHN. LSP was also applied to WAAM 2319 aluminum
alloy, introducing compressive stresses of up to �100 MPa
[156]. Fig. 13c shows examples of chemically polished metal
AM parts before and after finishing [157]. This particular part
287



FIGURE 13

Effect of post-print surface treatment on residual stress. (a) Magnetic field-assisted finishing modifies tensile surface residual stress into compressive residual
stress. Reprinted from Ref. [154], with permission from Elsevier. (b) Laser shock peening converts tensile surface residual stress of �100 MPa into compressive
residual stress of ca. �200 MPa. Reprinted from Ref. [155], with permission from Elsevier. The cartoons illustrate the difference between the two surface
treatment processes. (c) FormAlloy-produced door handle for the commercial aerospace industry with the as-printed surface (left) and the chemically-
polished surface (right). Reprinted from [157], with permission from FormAlloy, CA.
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was a quick built using FormAlloy’s (San Diego, CA) laser-based
DED set-up as a door handle for the aerospace industry. It can
be seen that simple chemical polishing can improve the surface
finish and reduce the layering marks in DED-processed metal
AM parts. LSP also dramatically increased the surface microhard-
ness of the WAAM parts, from ca. 75 VHN to ca. 110 VHN. These
studies show that post-print surface modification can introduce
surface compressive stresses, potentially improving DED-
printed parts' fatigue life.

To conclude, DED is a non-equilibrium processing technique
with characteristic high heating and cooling rates, high-
temperature gradients, and complex thermal histories, which fre-
quently leads to the development of residual stresses, porosity,
and other defects. While considerable efforts have been made
to measure, model, and alleviate residual stresses in AM parts,
fundamental and holistic understanding of the mechanisms
responsible for residual stress development remains a challenge.
288
Numerous studies show that optimizing process parameters and
scan strategy can reduce residual stresses in as-printed parts;
however, post-processing (e.g., hot isostatic pressing (HIP) or sur-
face treatment) is still required to relieve residual stresses fully.
This adds additional steps to the manufacturing process, increas-
ing its total cost. Accurately measuring residual stresses in DED
parts is also a challenge due to a tradeoff between time, cost,
and accuracy in stress measurement techniques. This imposes
additional limitations on residual stress studies, where typically
only a few samples are measured, contributing to challenges in
finding statistically significant differences. Lastly, most residual
stress studies are performed on alloys common in AM, e.g.,
Inconel 625 and 718, 304 and 316 stainless steels, Ti-6Al-4V,
and AlSi10Mg. Given that residual stress formation and evolu-
tion are material-specific, understanding these mechanisms in
other materials, such as metal matrix composites and FGMs,
must be developed.
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Porosity
Origin of porosity: Porosity is one of DED’s most common defects.
It is typically formed via three main mechanisms
[8,12,29,44,70,158–160]: (1) keyholes [161], which arise due to
high energy density during deposition and causes localized
vaporization and gas entrapment (Fig. 14a); (2) gas porosity orig-
inating from the feedstock, selective evaporation of an element
in the alloy during melting, or entrapment of the shielding inert
gas in the molten pool; and (3) lack of fusion (LoF) caused by
insufficient penetration of the melt pool into the substrate or
previously deposited layer, i.e., insufficient energy input
(Fig. 14b). It is also common to distinguish between interlayer
porosity (i.e., LoF) and intralayer porosity. The latter is typically
distributed randomly through the bulk of the sample [163].

In terms of their shape, keyholes are relatively large pores that
are either circular horizontally and elongated in the build direc-
tion or wider at the top than the bottom. Gas pores, on the other
hand, are the smallest and most spherical of all pores. Finally,
LoF pores are typically large (of a similar length scale to the melt
pool size) and irregular in shape [164]. Sphericity factors may aid
in distinguishing between different types of porosity
[70,165,166]. Values lower than 0.6, higher than 0.7, and higher
FIGURE 14

Origin and types of porosity in DED. (a) A schematic and an SEM micrograph of
Minerals, Metals & Materials Society. Used with permission. (b) A schematic and a
from Ref. [187], with permission from Elsevier. Top blue schematics are reproduc
between the linear energy density, powder feed rate, and porosity for various
than 0.92 have been related to LoF or partially melted powder
particles, keyholes, and gas porosity, respectively [165,166].

Since porosity degrades the mechanical properties and facili-
tates crack nucleation and propagation, density measurement is
one of the first, main quality control tests of deposited materials.
In process optimization, the goal is often to achieve a density
higher than 99.5% [8]. In powder DED, porosity depends on
the powder feed rate (Fig. 14c) and energy input defined by laser
power, laser spot size, and scan speed [8,23,158,162], as well as
on powder porosity [159].

Effects of porosity on deposited materials and components: Poros-
ity has a direct and adverse influence on both the mechanical
properties, in particular the fatigue resistance [163,167–169], ani-
sotropy [169], oxidation and corrosion resistance [170–174,176]
of the printed parts. Since irregular or clustered pores could act
as stress concentrators, they are considered more harmful to
mechanical properties than spherical pores [8], particularly if
they are oriented perpendicularly to the loading direction
[174]. Due to the complex effect of pore geometry and location
on the extent to which the fatigue life is reduced, the scatter in
fatigue data might be high, and the uncertainty is increased
[70]. The fatigue life of LENS-deposited Ti–6Al–4V was found to
LOF porosity in 316L SS. Reprinted from Ref. [175]. Copyright 2009 by The
n SEM micrograph of keyholing porosity in Ti–6Al–4V. SEM images reprinted
tion of Fig. 6a and b in Ref. [19], with permission from MDPI. (c) Relationship
metals and alloys. Reprinted from Ref. [19], with permission from MDPI.
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be affected mainly by pore size (larger pores having a more detri-
mental effect), the number of pores – but only those close to the
surface, and in the case of low cycle fatigue (LCF), pore shape, the
distance between neighboring pores (densely-grouped pores are
having a more pronounced effect) [168].

Porosity measurement: Recent efforts in process optimization
and in situ process control have enabled routine DED fabrication
of parts with >99% density [44,70,72,75,162,177–179]. Several
methods for measuring the porosity/density of AM parts exist,
including the Archimedes method [12,44,180–182], ultrasonic
pulse-echo velocity measurements [44,180], image analysis of
metallographic cross-sections [12,70,177,183,184], X-ray micro-
computed tomography (l-CT) [12,44,70,175,185,186], hard X-
rays in synchrotron facilities [65,187], and gas pycnometry [180].

Mitigation: The most straightforward approach for porosity
management in DED is process optimization. Process optimiza-
tion involves adjusting parameters such as laser power, scan
speed, hatch spacing, layer thickness, and powder feed rate.
Combined parameters, such as linear energy density (LED, J/
mm), areal energy density (AED, J/mm2), volumetric energy den-
sity (VED, J/mm3), and powder density (J/mm) are often
employed in optimization [12,188]. Nevertheless, while there is
a consensus that interlayer porosity (LoF) can be minimized
through adjustment of process parameters, the origin of intra-
layer porosity is less specific, hence it is often not straightforward
to reduce it via process parameters [158,159]. Liu et al. [162]
employed an analysis of variance (ANOVA) to study the influ-
ence of the process parameters in laser DED on the porosity of
AlSi10Mg parts. They found that the most significant parameter
is laser power, contributing �49% to the relative density, fol-
lowed by scan speed contributing �34%. They demonstrated
that low VED led to LOF porosity formation, while high VED
led to keyholing and formation of spherical pores; a maximum
density of >99% was achieved at 125 J/mm3. Dass and Moridi
[19] compiled a process map with the optimized process param-
eters for DED of various materials (Fig. 14c), including Inconel,
Ti-6Al-4V, H13 tool steel, Fe, Ti-15Mo, and some Ni-Cr alloys.
They observed that the map contains three regions with no opti-
mal data points, which could be attributed to keyholing, LOF,
and mixed-mode porosity regimes dominating these regions.

Controlling the powder feedstock's composition and quality is
also essential for porosity minimization in DED, as some of the
gas porosity in the printed parts is introduced by powder feed-
stock. Ahsan et al. [158] compared porosity in parts fabricated
from gas atomized (GA) and plasma rotating electrode (PREP)
Ti-6Al-4V powders. They found the porosity in parts printed
from PREP powder to be consistently lower than in parts printed
from GA powder. The powder’s chemical composition, including
oxygen and moisture content, can also dramatically influence
AM parts’ porosity. Leung et al. [176] employed in situ and oper-
ando synchrotron X-ray imaging to examine powder oxidation's
effects on porosity in Invar 36. They evaluated powders in the as-
supplied condition (0.057 vol.% O) and after �1 year of storage
(0.343 vol.% O). Their results suggest that the powder feedstock’s
oxides acted as nucleation sites for pore formation, subsequently
stabilizing the pores. Zhong et al. [189] demonstrated the effect
of moisture and powder drying treatment on Inconel 718 depos-
its’ porosity. They found that drying the powder at 110 �C for
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�6 h led to a substantial porosity reduction, from �0.41% to
�0.07%. These studies highlight the importance of feedstock
powder control for porosity management in DED.

Porosity in DED parts can be closed with post-print treatment,
such as HIP [163]. Qiu et al. [187] investigated HIP's influence on
the microstructure and tensile properties of selective laser melt-
ing (SLM) Ti–6Al–4V parts. They found that HIP closed almost
all of the samples’ porosity, decreasing the pore area fraction
from �0.35% in the as-built condition to <0.01% in the HIPed
condition. Kobryn et al. [169] also employed HIP to decrease
porosity in Ti–6Al–4V LENS parts. The parts were HIPed for 2 h
at 900 �C and 100 MPa, resulting in the closing of LOF porosity
and, as a consequence, dramatically improved ductility. Despite
the above, it has been argued that HIP is not a reliable process
for removing entrapped gases from builds [163,190].

To conclude, most of the existing porosity studies are focused
on investigating a particular metal or alloy and cannot be
extended to the DED process in general. A more thorough under-
standing of how the material properties (e.g., laser absorptivity,
coefficient of thermal expansion, thermal conductivity, and sur-
face tension) affect the formation and evolution of porosity dur-
ing DED is needed to reduce the time spent on process
optimization.

Cracking and delamination
Origin of cracking and delamination: Delamination and cracking
are most common in layered manufacturing in general, but in
the case of DED and some other AM techniques, they are further
enhanced by thermal stresses resulting from the cycles of rapid
heating and cooling [132]. Delamination (namely, a separation
between two consecutive layers or between the first deposited
layers and the baseplate) results from the generation of interlayer
residual stresses higher than the material's yield strength [12].
Delamination typically results from either incorporating
unmelted/partially melted powder or insufficient remelting of
layers underneath the melt pool [191]. It often occurs at the
interface between the build and the baseplate, where high-
stress concentrations exist.

Cracking in AM-fabricated parts plays a significant role in hin-
dering widespread industrial adoption of metal AM [191,192]. It
is highly dependent on the deposited material, namely, metals
and alloys that are susceptible to cracking in fusion welding are
likely to be susceptible to cracking during AM processing [192].
The major types of cracking in AM’ed parts are [12,191,192]: (i)
Solidification cracking [193], also known as hot cracking, along
grain boundaries. It is the consequence of the higher contraction
of the top, hotter layers compared to the underlying layers or
baseplate, resulting in the evolution of high tensile stresses
[191,192]. This cracking might occur when the energy applied
in the process is too high for the specific material, and it
depends, among others, on the nature of solidification [191];
(ii) Liquation cracking [193] in the ‘mushy’, or partially melted
zone (PMZ) of the build. It results from the melting of some
grain-boundary precipitates during rapid heating to below the
liquidus temperature and the evolution of tensile stresses in the
partially melted zone due to both solidification and thermal con-
traction during cooling [12,191,192]. Alloys with a larger differ-
ence between the solidus and liquidus temperatures (e.g., Ni-
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based superalloys), large solidification shrinkage (e.g., Ti–6Al–
4V), and large thermal contraction (e.g., Al-based alloys) are most
susceptible to this cracking [12]; and (iii) ductility dip cracking, a
solid-state intergranular cracking encountered by some alloys
with face-centered cubic (fcc) structure at elevated temperatures
[192].

Effects of cracking and delamination on deposited materials and
parts: Cracking and delamination result in degradation of both
static and dynamic mechanical properties, decreased corrosion
resistance, and premature failure.

Cracking characterization: Cracking and delamination can be
characterized by both destructive and non-destructive tests, as
well as by computational modeling. Destructive tests include
metallographic cross-sections as well as opening of cracks and
their characterization (fractography) by scanning electron micro-
scopy (SEM). Non-destructive testing (NDT) includes, among
others, magnetic particles, radiographic, l-CT, or ultrasonic
testing.

Mitigation: The only way to mitigate the problem of delamina-
tion and cracking is to prevent their formation. This can be done
by process optimization, including substrate and chamber pre-
heating, optimizing cooling rates, constraining aspect ratios
and wall thicknesses, optimizing scan strategy and part orienta-
tion within the build, and assurance of materials compatibility
when printing multi-materials together.

High surface roughness
Origin of surface roughness: DED is a near-net-shape process,
implying that complementary post-processing, e.g., machining
or polishing, is necessary to reach the required tolerances and
surface quality. The high surface roughness of DED’ed parts
may result mainly from: (i) Sticking to the surface of partially
melted powder particles due to low heat input and large powder
particles [12,194,195] and balling due to Raleigh instability at
high laser scanning speeds that break the molten pool into small
islands that are dragged to the outer edges of the molten pool
[12,192]; (ii) Stair stepping effect, which limits all layered manu-
facturing processes, particularly when forming inclined or
curved surfaces [196]; (iii) Splashing of molten material [197].
Surface roughness is determined by various material feedstock,
part design, processing, and post-processing conditions and vari-
ables [12].

Effects of surface roughness on deposited materials and parts: Sur-
face roughness affects the dimensions and geometric tolerances
of the deposited parts and critically affect their mechanical prop-
erties, particularly fatigue. It has been reported that surface
roughness of �200 mm can lower the fatigue strength by 20–
25%, depending on the AM process [198].

Surface roughness measurement: Surface roughness can be mea-
sured by a variety of analytical techniques such as contact (e.g.,
atomic force microscopy (AFM) or stylus) or non-contact (e.g.,
confocal laser scanning microscopy (CLSM) or white light inter-
ferometry) profilometry and SEM. Recently [70], a novel, non-
standard optical gaging procedure for measuring surface rough-
ness of DED-processed alloys was suggested, employing a com-
mercial video and a multisensory measurement system with
large measurement range. The results compared well with those
from white light interferometry.
Mitigation: Surface roughness can be reduced by increasing
heat input (as long as it is not too high, introducing high thermal
stresses and non-uniform solidification rate). This is achieved, for
example, by high laser power and low scanning speed. Other
approaches include the use of small layer thickness and finer
powder particles. Finally, post-processing operations such as
HIP and chemical/electrochemical polishing are often employed.
Defects in wire-fed DED-processed materials
The previous subsections already mentioned some defects-
related aspects of wire-fed DED-processed materials. This section
is aimed to add more details and provide a concise summary.
Residual stresses, porosity, high surface roughness, and cracking
are all relevant defects to WAAM-processed metal parts too. They
are associated with both improper processing conditions (e.g.,
either insufficient or excessive energy input, spatter ejection, or
poor path planning) and feedstock attributes (e.g., contamina-
tion of the wire or substrate) [199]. Porosity, mainly due to gas
entrapment, is the most common defect in WAAM. Gap or void
generation due to spattered ejection or insufficient melting is
often observed in complex deposition paths or during a change-
able manufacturing process. Besides, surface contamination of
the wire and substrate, in the form of moisture, dirt, or grease,
can absorb energy during deposition and form porosity after
solidification [200]. Additionally, portions of unmelted wire
might appear stuck to WAAM-processed parts [25]. The complex
thermal cycles occurring during WAAM processing result in a
mixed microstructure throughout the built, unfavorable for
mechanical properties [201]. The surface roughness of wire-fed
DED-processed parts might be high due to large molten pool
sizes, bead widths, and layer thicknesses [12]. Like in powder-
fed DED, residual stresses are generated in WAAM-fabricated
parts [25]; they can be higher than the yield strength of the
deposited metal, causing large distortion of the deposited part,
poor tolerances, cracking, and delamination [25,199].

Residual stresses in WAAM can be significantly reduced by
optimizing the deposition paths, substrate preheating, regulation
of dwell time, post-processing heat treatment [25,201,202], or
mounting the substrate on a 5-axis system and building parts
on both sides so that the residual stresses are balanced [25]. A
scan strategy starting from the edges to the center was found
to cause fewer residual stresses on the substrate [25]. Lee et al.
[203] reported a 50% reduction in residual stress by using a bidi-
rectional tool path with 180� rotation, which can reduce crack
formation potential at the bottom corner of the part. Cold rolling
and ultrasonic impact testing were also found to reduce residual
stresses in WAAM parts [25]. Side collapse and unmelted wire can
be prevented by introducing sensors to guarantee a constant
contact-tip-to-work distance and a constant interlayer tempera-
ture [25]. Bimetallic components show higher residual stress
and subsequent deformations than single-metal components
due to mismatch in the metals' thermal expansion.
Future directions
Because of DED's inherent flexibility and unique abilities, this
technology's future is very exciting. Among key areas that we
have discussed so far, perhaps the repair of parts using DED
291



R
ESEA

R
C
H
:R

eview

RESEARCH Materials Today d Volume 49 d October 2021
has the most promising future. Although DED will not replace
traditional welding stations, it will be significantly cheaper to
repair high-value or one-of-a-kind parts than manufacturing
them. Moreover, adding different alloys to increase the service
life will make DED-based repair more exciting than just welding.
The DED platform will be used to repair with similar alloys and
deposit metal-ceramic composites during repair to increase ser-
vice life or improve implants' biocompatibility [204,205]. It is
also envisioned that DED will be popular in multi-material AM
areas, including microstructural designs that can be naturally
architected [13,47]. Multi-material structures can only be manu-
factured in one operation using DED or HAM platforms. The abil-
ity to tailor application-specific properties at different locations
can be a disruptive technology in the coming years. To make it
more viable, advances in multi-materials CAD and related FE
analysis and topology optimization technologies need to mature
further to offer reliability and reproducibility in those multi-
material parts. Further improvements in slicing software such
as adaptive and/or locally adaptive slicing and tool path genera-
tion software sensitive to different materials deposition in one
build at different locations will make multi-materials AM more
easily doable. Apart from metals and alloys, DED is also expected
to impact direct ceramic processing for oxide and carbide-based
ceramics or high-temperature boride or nitride-based ceramics
[206,207]. The DED of ceramics can be of use for hard coatings
or small size specialty bulk ceramic structures. And finally, it is
expected that new alloys will be designed in the coming years
using DED technology. The inherent flexibility in compositional
modifications under a controlled environment and versatility in
a large variety of metals and ceramics that can be processed via
DED is a big plus in alloy design. Of course, complex part fabri-
cation or addition of porous or dense coating on existing parts
will also grow using DED as more and more users work with reli-
able machines and feel confident to use them in critical applica-
tions. The DED is a journey that will only be more attractive with
time due to so many opportunities to explore, including applica-
tions that we can imagine today and others that we will only
learn in the future.

Summary
We reviewed recent advances in directed energy deposition
(DED) additive manufacturing (AM) technology, the associated
processing science related to laser-material interactions, defects
generation, and applications. Although currently less common
than the powder bed fusion (PBF) technology for general metal
AM applications, DED offers a lot more freedom in the materials
domain, enabling fabrication of multi-material structures and
alloy design. Moreover, DED is also becoming popular for large
structures because of the build environment's freeform with 5-
axis to free-axis deposition heads. Repair is another area of
DED that is unique and has become popular for high-end metal
parts. DED offers lower part resolution than PBF processes; how-
ever, when DED is used in a hybrid AM set-up, better dimen-
sional tolerances can be achieved than in any other metal AM
processes. Finally, in addition to powder feed, wire feed DED sys-
tems are also becoming popular, particularly for welding-based
AM processes. Although the subject matter for DED AM is
extensive, our article remained focused on recent advances in
292
fundamental processing science and related material applica-
tions along with current challenges and future directions. We
envision that this article will help expand DED applications fur-
ther, from structural to functional to biomedical devices in the
coming years.
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