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Abstract
Additive manufacturing (AM) is one of the pillars of Industry 4.0, where automation to create smart factories is the
main target. The hybridization of processes is one of the leading strategies to implement a more flexible, efficient, and
interconnected manufacturing environment. Nowadays, different researches are focused on the hybridization of metal AM
and subtractive manufacturing (SM). Based on the working principles of AM and SM, it can be established that they are
complementary processes. Hence, a synergy between them allows conceiving a unique process. As a result, the advantages
are magnified, and the limitations of each one are minimized or eliminated. This review presents the latest developments,
challenges, limitations, and future perspectives for the integration between directed energy deposition (DED) and SM. DED
is a versatile AM process for metal parts fabrication, where the geometrical complexity is its main advantage. Nevertheless,
the low surface quality and the difficult dimensional control of the parts create the need for post-processing. Traditional
post-processing involves a higher production time, and the barriers cannot be completely overcome. Then, a hybrid process
constitutes a powerful concept to combine both technologies efficiently, to produce complex parts with less waste of material
and energy.

Keywords Hybrid manufacturing · Additive manufacturing (AM) · Subtractive manufacturing (SM) · Directed energy
deposition (DED) · Industry 4.0

1 Introduction

Additive manufacturing (AM) groups a set of processes in
which materials are joined layer upon layer to form parts;
its working principle is opposite to that used in subtractive
manufacturing (SM) [1–5], which creates the possibility of
making them complementary [6]. Additive manufacturing
had progressively evolved since its origin, when the focus
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was on prototypes’ fabrication [7]. Nowadays, AM allows
the fabrication of completely functional parts. All this
evolution had taken place independently of subtractive
processes [8]. These latter are mainly employed as post-
processes, principally for metallic materials.

AM technology enables the fabrication of complex parts
minimizing material waste. For metals, defects such as
distortions, residual stresses, and rugosity are generated
during the process [9]. Taking into account that metal
parts are usually employed in engineering applications,
which require high precision, post-processing is demanded
in almost all the AM fabricated parts [10]. Processes such
as heat treatments and milling are habitually performed
to overcome the limitations of AM. The chordal error
associated with STL (stereolithography) files and the stair-
step effect, both characteristic of AM processes, generate
poor surface quality [11, 12]. This latter is also influenced
by the process parameters and the powder granulometry.
Subtractive processes are well established to improve the
finishing of parts. Then, high-speed machining is usually
performed to confer high quality for AM parts.
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The complementarity of additive and subtractive pro-
cesses allows combining them. In this context, two alterna-
tives arise: (i) AM and subtractive post-processing, and (ii) a
hybrid process. The first panorama is widely used, in which
one process is independent of the other. The second one is
a matter of study and investigations. Significant advances
have been realized in the last years. In the hybrid concept, at
least two technologies are efficiently combined to maximize
the advantages and minimize the limitations of each one.
A synergistic combination is better conceived in a single
workstation, which is well known as a hybrid machine. This
contains the benefits and components of each independent
process [13].

The development of workstations for hybrid processes
includes challenges associated with hardware and software
integration. These workstations should include a tool mag-
azine with AM heads, milling and measuring tools, among
others. The hardware needs to be integrated to incorporate
all the requirements of each technology. For DED and sub-
tractive processes, workstations based on machining centers
have evolved to combine both technologies. In this case,
three-axis and multi-axis workstations are commercially
available. Besides, the integration includes computer-aided
design (CAD), manufacture (CAM), inspection (CAI), and
engineering (CAE). All these tools should be synergisti-
cally combined to obtain an efficient hybrid process, which
mainly depends on efficient tool-path strategies.

In this review are presented the latest developments,
challenges, limitations, and future perspectives for the inte-
gration between DED and subtractive processes. Initially,
the DED working principle and its variations are shown in

the context of the recent advances. Then, the limitations
of DED are established, and the post-processing approach
addressed, where processes such as hot isostatic pressing,
heat treatments, and machining are associated with the tar-
get limitations to be overcome. Subsequently, the hybrid
process advances are presented, where the advantages over
traditional post-processing are defined. In the last section,
future perspectives are described in the context of the
Industry 4.0 guidelines.

2 Directed energy deposition

2.1Working principle

Directed energy deposition (DED) is an AM process that
uses a metal powder or a metal wire [14, 15]. The material
is fed and melted by a narrow-focused thermal energy
source such as laser, plasma arc, or electron beam [16–
18]. As illustrated in Fig. 1, the substrate where the
material is deposited is simultaneously heated with the raw
material. Hence, a moving molten pool is formed, and the
material is deposited layer upon layer [19, 20]. Then, three-
dimensional parts of complex geometries can be fabricated
[21, 22]. This process is applied for the fabrication of
metallic prototypes, complex and customized engineering
parts, repairs in existing components, re-manufacturing, and
cladding in advanced coating applications [23–29]. More-
over, different materials can be fed, and in-situ alloying is
formed in the melt pool. Thus, functionally graded multi-
material parts can be produced. Besides, functionalized

Fig. 1 Illustration of the
directed energy deposition
(DED) process; the deposition
head defines the thermal energy
source: laser beam, electron
beam, or electric arc. The raw
material can be a wire or a
powder. A shielding gas
atmosphere protects the melt
pool. In electron beam-based
DED, a high vacuum chamber is
required. TIG, tungsten inert
gas; GMAW, gas metal arc
welding
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materials, with different microstructures in the same build,
can be obtained by varying the process parameters [23, 24,
30–34].

There are different machines for DED. These have
variations in the thermal energy source, their specifications,
the powder delivery system, the inert gas delivery method,
the number of axes, the motion control, among others.
As a result of these variations, in the literature are
reported processes such as laser powder forming, laser
engineered net shaping (LENS), direct metal deposition,
laser consolidation, and so on [35, 36]. Nevertheless, the
working principle of all of them is the same: material
deposition through a moving melting pool, which is
categorized as DED inside the AM processes [1]. A more
general classification of DED processes can be performed as
a function of the thermal energy source. Below are detailed
the fundamentals of this classification.

2.1.1 Laser-based DED

In these processes, a laser heat source is used to melt a metal
powder or a wire. On the one hand, the use of powders
creates the possibility of easily manufacture highly graded
and functionalized components. On the other hand, the use
of wires has benefits such as the ease of their produce and
store, the possibility to work with high deposition rates, and
the efficient use of them during the process [37–39].

The raw material is delivered and preplaced on a
substrate and simultaneously exposed to focused laser
radiation. Then, a molten pool is generated, which after
deposition rapidly solidifies forming beads [35, 40, 41].
The layer height of a laser-based DED process is in the
range of approximately 0.3 to 1 mm, while the powder bed
fusion (PBF) process, which also uses a laser as a heat
source, works with a layer height size in the order of tens of
microns.

In a laser-based DED process, the heat transfer mech-
anism is dominated by conduction from the molten pool
to the substrate and the deposited material, and convection
from the shielding and delivery gases [42]. In PBF, the heat
transfer mechanism is dominated by conduction through the
unmelted metal powder. The layer thickness is also asso-
ciated with the heat input, which is significantly higher in
laser-based DED processes in comparison with PBF [43].

Laser-based DED has been widely used in the industry
for different engineering applications. In this process,
the thermal behavior significantly influences the material
deposition and the part quality. The focused laser creates a
high energy density with a small heat-affected zone. Then, a
rapid solidification takes place, generating thus a finer grain
size, which directly impacts the mechanical properties. The
part geometry influences the thermal behavior significantly.
Hence, repeatability is difficult, and the part quality of

products affected. This later creates the need for post-
processing and, in some cases, has reduced the quick spread
of this manufacturing technique, which is still challenging,
and the focus of recent research in the AM field [44].

Recent research [45] reports the obtention of dissimilar
alloys with different crystallographic structures using laser-
based DED. The powder raw materials were martensitic
stainless steel, austenitic stainless steel, and zirconium,
which have body-centered cubic (BCC), face-centered
cubic (FCC), and hexagonal close-packed (HCP) structures,
respectively. Three approaches were performed to join the
dissimilar metals: direct deposition, a functionalized graded
structure, and the deposition of metallic interlayers of nickel
(Ni), titanium (Ti), vanadium (V), and copper (Cu). The Cu
interlayer exhibits promising results, with minimum macro-
cracking, which is of great interest to avoid the cracks
formed during the deposition of these graded materials.

Furthermore, to reduce the layer height obtained with
this DED process, a study reports the microlaser wire
deposition. In this case, a layer height in the range of 700
to 800 μm was obtained. This technique was focused on
the obtention of thin-walled structures with a high aspect
ratio, where the resolution of the part was significantly
improved. As suggested, future studies could include the
use of thinner wires and more accurate systems [38]. Other
studies are focused on the development of semi-analytical
thermal analysis of the deposition process [46], to monitor
the melt pool [47], and to optimize the parameters of the
process [48].

2.1.2 Arc-based DED

The arc-based DED processes utilize arc welding funda-
mentals. In the literature, the techniques that use a wire as
raw material are well known as wire + arc additive man-
ufacturing (WAAM) [49]. In this case, a welding torch is
attached to a motion system. The wire is usually placed
and fed on the leading side of the melt pool. This config-
uration allows obtaining a better bead deposition, which is
related to a better surface finishing and dimensional con-
trol [50]. The main advantage of this process is the low-cost
of equipment in comparison with laser and electron beam
processes, which makes it interesting for industrial appli-
cations. Moreover, it is a high-rate deposition process that
allows the fabrication of medium and large parts [51, 52].

Tungsten inert gas (TIG) and gas metal arc welding
(GMAW) are widely used for AM [53]. The TIG welding
uses a tungsten electrode that is not consumed but generates
the electric arc that melts the wire material fed. In the
GMAW process, the arc is formed with the filler material.
TIG and GMAW use an inert gas to displace the oxygen
in the melt pool. In the last years, research has focused
on studying the influence of welding and AM parameters
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over the bead deposition quality [54]. The lack of fusion
between beads creates internal porosity, difficulting the
fabrication of fully dense and defect-free near-net-shape
parts [43]. Other studies are concentrated on the research
and development of tool-path strategies to improve the
deposition and processing time [51, 55].

A study reports the use of a pulsed plasma arc method for
the fabrication of Ti-6Al-4V thin-wall parts. This technique
allows refining the microstructure of the fabricated part,
which is associated with the pulsed current and the
gradually decreased heat input used during the process. This
better control of the microstructure results in strength and
tough thin walls. The process was called wire-feed pulsed
plasma arc additive manufacturing [56]. On the other hand,
arc-based processes that use powder raw material are also
employed in AM. Plasma transferred arc AM is reported
for the obtention of nickel-metal matrix composites. In
this process, the powder is carried by argon gas. Tungsten
carbide particles were added, which results in low porosity,
promising mechanical properties and hardness, where the
reinforcement particles are also associated with increased
wear resistance [57].

2.1.3 Electron beam-based DED

In the electron beam-based DED processes, the molten
pool is generated by a focused electron beam in a high
vacuum environment. Hence, high purity builds can be
obtained because of the prevention of surface oxidation. In
general, DED processes work with higher deposition rates in
comparison with powder bed techniques. It is then essential
to highlight that electron beam-based DED also works with
higher deposition rates, compared with laser and arc-based
DED, mainly when electrically conductive materials are
used. Therefore, this technique is attractive for obtaining

large components, regarding that, a faster beam control can
be performed by electromagnetic beam management [58].

The process’s main weaknesses are the deflection of the
negatively charged electron beam and the reduced cooling
rate. The first one is associated with the sensitivity to resid-
ual magnetic fields, and the second one is correlated with
the vacuum and the consequent elimination of heat trans-
fer by convection. Recent research is focused on improving
the cooling rate, taking into account that cooling plays
a fundamental role in the microstructure and mechanical
properties of the fabricated part [59]. Furthermore, this pro-
cess includes additional costs generated by the high vacuum
and the x-ray protection requirements [58].

2.2 Post-processing

Metal parts fabricated and repaired by DED present poor
surface finishing and geometrical tolerance, which is mainly
related to the AM working principle [60–62]. Aspects
such as non-uniform cooling, porosity, inhomogeneities,
anisotropy, the stair-step effect, the chordal error of STL
files, among others, turn the DED process challenging. As
a result, defects are embodied in the fabricated part. Post-
processing is usually performed to improve the part quality
and to overcome the limitations of DED.

In Fig. 2 are presented the post-processing techniques
commonly used after DED. As observed, hot isostatic press-
ing is applied to reduce the porosity of the fabricated parts.
The tool-path planning and the deposition strategy signif-
icantly influence the part porosity. Then, the lateral and
vertical beads overlapping should be planned adequately to
avoid internal pores’ formation. Carrol et al. [43] report
that almost 100% of the parts can be fabricated without the
necessity of heat or pressure post-processing; the lack of
fusion and formation of pores can be avoided maintaining

Fig. 2 Post-processing
techniques used to overcome the
limitations of parts fabricated by
directed energy deposition
(DED)
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a proper overlap during deposition. Moreover, using a dif-
ferential cooling at different heights generates parts with
similar properties to the wrought material for Ti-6Al-4V
alloys.

The geometry of a fabricated part significantly influences
the non-uniform cooling. Then, different microstructures
are formed during material deposition [63]. Heat treatments
are commonly used to homogenize the microstructure and
to improve the machinability. Then, cutting forces can be
significantly reduced in comparison with as-built parts.
Machining and grinding are used to improve the surface
finishing and dimensional control. Oyelola et al. [60]
performed two heat treatment post-processes in Ti-6Al-4V
samples: alpha and beta anneal. Ti-6Al-4V is a two-phase
titanium alloy with a lamellar microstructure [64, 65]. The
rapid cooling of the DED process generates a fine lamellar
structure, which difficult the machinability. As reported, the
beta anneal reduces 40% of the cutting forces at low cutting
speeds. Woo et al. [66] recently reported the application
of laser-assisted machining (LAM) on Ti-6Al-4V samples
fabricated by DED. LAM constitutes an innovative option
to reach surface quality and to enhance the machinability
of hard-to-cut materials. The results report that the cutting
force decreased by more than 40% due to laser preheating.
Besides, the surface roughness decreases by approximately
30%.

Hot isostatic pressing and heat treatments could improve
fatigue performance [67–70]. Nevertheless, Gordon et al.
[71] reported that the Ti-6Al-4V alloy without post-
processing, exhibit a fatigue life similar to the wrought
material. Hence, post-processes’ application depends on
several parameters associated with the DED process and the
material properties. For nickel superalloys, heat treatments
post-processing is commonly performed to tailor the
microstructure. Kumara et al. [72] realized studies using the
nickel-based superalloy 718. An approach that combines
a multi-component and multi-phase-field modeling and
a transformation kinetics modeling was established. This
latter aims to predict the microstructural evolution when
the material is deposited and after the subsequent heat
treatment. This superalloy is characterized by a γ face-
centered cubic (FCC) microstructure; phases such as laves
and γ ′/γ ′′ are formed during deposition, and δ phase is
precipitated during the heat treatment.

In efforts to minimize defects and the necessity of post-
processing, Khanzadeh et al. [73] proposed a methodology
to predict the porosity of a part using the thermal distri-
butions of melt pools. Traditional methods for measuring
the porosity are performed after the DED process. Nonethe-
less, this recent study is promising, and nowadays, studies
are focused on a real-time porosity evaluation. Then, the
part properties could be better controlled during the pro-
cess. Furthermore, Wolff et al. [74] report a piezo-driven

powder deposition system to obtain images of individual
powder particles. With high-speed in-situ X-ray imaging,
it is possible to study the interaction between the powders
and the laser, which directly influences the porosity and
the powder flow. Similarly, Haley et al. [75] characterized
particle-melt pool interactions through high-speed videos.

3 Hybrid process challenges and recent
developments

The DED process has yet some challenges that significantly
influence the quality of parts [48]. This and other metal
AM processes usually require the benefits of subtractive
manufacturing for machining and grinding parts. Then, the
quality of near-net shaped components can be improved.
The need to enhance accuracy and finishing is associated
with the application requirements, where metals are
commonly used in engineering applications. Nowadays,
different hybrid workstations combining additive and
subtractive manufacturing are commercially available for
DED and PFB. Most of the hybrid technology use laser-
based DED and machining, as the following companies
do. DMG MORI [76] developed 5-axis milling/turning
workstations, using powder raw materials, with melt pool
and working distance monitoring systems. ROMI [77]
develops 3-axis and 5-axis hybrid workstations using
powder laser heads developed by Hybrid Manufacturing
TechnologiesTM [78]. This latter develops laser-based heads
with the flexibility to adapt to different machines. Yamazaki
Mazak [79] fabricates hybrid workstations that use powders
or wire materials, where SM operations include milling,
turning, and multi-tasking. Optomec [80] develops multi-
tasking hybrid workstations an also fabricate laser heads
that are adaptable to other machines. Mitsui Seiki [81] and
Okuma [82] develop 5-axis multi-tasking machines that also
works with powder materials. A hybrid workstation should
be capable of machining specific parts that require accuracy,
during and after the AM process. Hence, an advantage
arises: the cutting tools can work in regions of the part that
cannot be reached in a traditional post-processing approach
[83]. Not all the surfaces of the part require finishing;
the subtractive process application is selective. Thus, tool
wear, material waste, and an increase in production time are
avoided [84].

As illustrated in Fig. 3, the hybridization is a concept
that goes beyond post-processing. The hybrid concept
involves a synergy between both techniques. Therefore,
the advantages of each one are magnified, and the
disadvantages are minimized or eliminated. In traditional
post-processing, some difficulties remain, the production
time is affected, and the subtractive process has restrictions
mainly in complex geometries. As previously discussed
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Fig. 3 Advantages and disadvantages of directed energy deposition (DED) and subtractive manufacturing (SM); the traditional post-processing is
a one-way approach, while hybrid manufacturing is a synergy, where the processes are applied alternately in a single setup

in Section 2.2, post-processing is not only focused on
subtractive techniques. Hot isostatic pressing and heat
treatments could be necessary. This fact creates restrictions
for the hybrid process, where intermediate processes could
be required to reduce the residual stress and the cutting
forces before the application of machining. Then, producing
parts using additive and subtractive technologies in a single
setup constitutes a challenge. A unique process means
cost savings during manufacturing. Hence, to overcome
the restriction of intermediate processes between additive
and subtractive techniques, researches are focused on
optimizing the DED parameters, aiming to define a stable
and predictable process [85, 86]. As a result, the defects are
minimized, and the subtractive process can be used where
strictly necessary.

In general, the raw materials used in additive manufac-
turing are more expensive in comparison with the stock
material used in subtractive processes. The production of
wires and spherical particles used in DED involves addi-
tional costs for their obtention. Hence, to perform the hybrid
process, the integration should be balanced to maximize the

advantages of each technique. As logical, the costs involved
and the production time should be minimized. In Fig. 4 is
illustrated the flow diagram for a hybrid process. Fig. 4a
shows the traditional route, which starts with the deposition
of material in a substrate. Figure 4b presents the route when
the process begins with the machining of stock material;
Chen and Frank [88] propose this approach. This strategy
is similar to perform a repairing procedure. In this case,
the deposition is performed starting from the component to
be repaired. Then, it is not necessary to make the entire
near-net-shape by material deposition. Initially, the stock
material is machined and subsequently used as a substrate
for DED. Then, the complex geometries of the part can be
deposited. In this stage, both technologies can be combined
alternately. In a similar way, Soshi et al. [87] applied hybrid
manufacturing to fabricate an innovative injection mold.
This approach is illustrated in Fig. 4c; it involves geometry
discretization to obtain prefabricated blocks. Then, the pro-
cess starts performing an assembly of the blocks to obtain
an approximated geometry of the final part. Subsequently,
DED is employed to form continuous surfaces. Finally,
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Fig. 4 Hybrid manufacturing flow diagram: a Traditional approach, b the process starts with a stock material or a part to be repaired, and c a
discretized geometry is used as a substrate as proposed by Soshi et al. [87]

machining is performed for finishing. As reported, the mold
was successfully fabricated, and the efficiency of its cool-
ing channels was improved in comparison with a mold
fabricated by a traditional subtractive process. This study
proposes expanding this method, focusing on the following
topics: (i) standardization of block design for production,
which includes software for grid discretization and block
arrangement, (ii) automation for rapid assembly, (iii) AM
optimization, and (iv) residual stress analysis and control.

A restriction of AM is the necessity of support structures,
mainly in high complex geometries [89]. Supports have the
function of stabilizing the part and reducing deformities,
which dissipate energy and diminishes residual stresses.
One of the targets of hybrid workstations is fabricating com-
plex parts minimizing or eliminating supports, which should

be removed by the machining process; to overcome this lim-
itation, multi-axis machining centers and arm robots of high
degrees of freedom are used [90]. Hence, the deposition
can be performed with different orientations, eliminating
the requirement of supports and minimizing the staircase
error. Hence, the part quality increases significantly, and the
manufacturing time is reduced. Nevertheless, a multi-axis
mechanism involves a high complexity for the tool-paths
generation. Then, the integration has an additional chal-
lenge: create efficient tool-path strategies [91].

Yang et al. [92] applied a hybrid AM/SM process
in a 5-axis workstation equipped with a laser-based
DED. Stainless steel powder 316L was used in this
research. The target was to study the densification
level, microstructure, microhardness, and residual stress of
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different components. Then, samples were fabricated; as
expected, the precision and surface quality were improved.
The highest densification of samples was observed in their
middle region. Moreover, residual stress was tensile in the
top and bottom of samples, and compressive in the middle,
which is associated with the cooling mechanism. The last
varies for different zones and is correlated with the different
hardness and microstructures throughout the sample. After
the subtractive process, slight stress relaxation in lateral
surfaces was reported.

During the DED process, heating and cooling take place
in different zones of the part. As a result, non-uniform
thermal expansion and contraction cause residual stresses,
which can promote the formation of cracks, fractures by
fatigue and distortions. Wang et al. [93] developed a stereo-
vision-based path planning and a laser scanning system.
The objective is to overcome these limitations and to
reduce manual operation. This kind of system allows for
obtaining feedback about the deposited material. Hence,
more accurate processes can be performed.

Mozaffar et al. [94] propose a data-driven prediction
of the high-dimensional thermal history in DED processes
using recurrent neural networks. This study aims to over-
come the limitations to provide accurate and computation-
ally efficient predictions of the process outcomes, then,
real-time monitoring of the process can be performed. As
reported, the proposed model can accurately predict the
thermal history of the fabricated component at any point.
Future studies will be focused on training this model using
experimental data to perform reinforcement learning.

Yamazaki [95] reports a hybrid multi-tasking machine,
that combines the DED functionality with turning and
milling capabilities. This process is suitable for small-lot
production of hard-to-cut materials. Taking into account
that the synergy generates high-value manufacturing, the
applications are focused on automotive and aerospace
industries, high-hardness materials used in the energy, die,
and mold industries, medical and biomedical field, defense
industry, and petrochemical industry. [96–100].

Wang and Shi [101] report a hybrid process that
combines a laser-based DED and in-situ ultrasonic impact
peening. In this case, the process is not subtractive; however,
it provides some benefits that could be implemented in
a robust AM/SM hybrid process. As reported, in-situ
ultrasonic peening altered the residual tensile stress to a
compressive state.

Furthermore, Kakinuma et al. [83] used an addi-
tive/subtractive workstation with a laser-based DED head.
In this research, the influence of the powder characteris-
tics on the product quality was analyzed. The Inconel 625
nickel-based superalloy was used. As reported, the hybrid
process was successfully applied to deposit the material and

remove by cutting a carbon layer, and the chrome oxide
formed on the surface.

Among the challenges of hybrid manufacturing, the use
of novel and innovative tools is included. Sophisticated
designs and advanced applications require optimized tools.
Traxel and Bandyopadhyay [33] reported for the first
time the fabrication of machine tools using laser-based
DED. A multi-layer Co-Cr-W superalloy called StelliteTM

was deposited on a stainless steel substrate. Cutting tools
with high-temperature strength and ductility were obtained.
Hence, hybrid machines are also capable of fabricating their
own components.

4 Future perspectives

Additive manufacturing is one of the pillars of Industry 4.0.
This latter aims to increase the flexibility in manufacturing,
quality, and productivity, where large-scale customization is
conceivable [102–105]. The hybrid manufacturing concept
fits well with the Industry 4.0 guidelines, as illustrated
in Fig. 5, the gains generated through the hybridization
allow implementing more efficient processes. Nevertheless,
hybrid manufacturing is an emerging technology in which
different challenges are embedded and should be overcome
to take full advantage of it. As also observed in Fig. 5,
the hardware integration has some aspects that must be
considered. During the subtractive process, cutting fluids
are used; then, vestiges can stay in the construction
platform. On the other hand, during the material deposition,
raw material vestiges can stay in the construction platform,
mainly when powders are used. Hence, to integrate both
technologies, it is necessary to develop systems to remove
vestiges in the construction platform efficiently. Bearing in
mind that AM and SM can be applied alternately, powders
can generate fire and explosion risks when in contact with
cutting fluids. Moreover, the mixture between powders and
cutting fluids is abrasive, influencing different components
of the hybrid machine. Then, the accuracy is directly
affected, mainly when the guides of the movement system
wear [106]. Rousseau et al. [107] report that the powder
usage efficiency for DED processes is in the range from 40
to 80%; for that reason, different researches are focused on
analyzing the properties of reused powders [97, 108, 109].
Hence, a collecting remaining powders system is desirable
to enable the hybrid process and for recycling purposes.

Another aspect of high importance is the intermediate
post-processing requirement between DED and SM. Flynn
et al. [13] propose the next research topics to analyze this
issue: (i) evaluate the effects of eliminating heat treatments,
(ii) perform heat treatments after finishing the hybrid
process, and (iii) realize a partial heat treatment during the
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Fig. 5 Hybrid manufacturing gains and challenges. IoT, Internet of Things; CPSs, cyber-physical systems

hybrid process. As reasonable, an equilibrated panorama
will be constituted by an optimized and highly repeatable
DED process and a workstation with the capability of
performing intermediate post-processing. Then, the cutting
tools will be better preserved due to the reduction in
the machining forces, and the microstructure of the part
will be more homogeneous. This challenge is directly
associated with hardware developments and also influences
the software for process planning, where intelligent
manufacturing is desirable to make smart decisions mainly
in the process transitions.

The kinematics of hybrid workstations is fundamental
to define the potential of the process. They are fabricated
based on machining centers or using robotic arms. However,
machining centers are more used, regarding that robotic
arms do not have enough rigidity to support machining
operations [110]. As logical, the part quality increases
as a function of the degrees of freedom of the system;
nevertheless, the complexity of the tool-paths planning
raises significantly. Li et al. [90] propose a 6-axis
hybrid process using a robotic arm. This system was
developed for fused deposition modeling (FDM) combined
with a subtractive process; however, the concept can be
extended for DED-based hybrid manufacturing. Ding et al.
[89] propose an 8-axis robotized DED system. This
latter is composed of a 6-axis robotic arm and a 2-
axis rotatory positioning system, which confers more
flexibility to the process. Similarly, machining center-
based hybrid machines incorporate multi-axis capabilities.

In this case, the degrees of freedom are associated with
the primary motion system and multi-tasking capabilities,
including rotary axes [111, 112]. Urbanic and Hedrick [113]
performed a study of additive tool-paths applicable for DED
and thermal spraying. As suggested, future perspectives
should be focused on introducing specialty rotary tool-
paths, where novel slicing solutions should be implemented.
Furthermore, simulations are also involved in testing tool-
paths and to avoid collisions. CAM-hybrid simulations
could be feed with the data of real processes. In this
context, future researches for the tool-paths generation
will be oriented to develop new strategies for deposition,
machining, hybrid processes, and to create smart tool-
paths, where measuring tools play a fundamental role in
performing the quality control.

In Fig. 5 are also shown the challenges related to software
integration and intelligent manufacturing. The interaction
between the hardware and the software is fundamental,
in which the intelligent manufacturing concept plays an
important role and is the focus of current and future
researches. The integration of physical systems with cloud
computing, the Internet of Things (IoT), and cyber-
physical systems (CPSs) allows continuous monitoring
of processes and interactions of machines, materials and
product movements, operations, operators, and so on. Real-
time communication helps make smart decisions, where
technologies like artificial intelligence can independently
solve problems [114]. Specifically, the CPS is a mechanism
in which physical objects and the software interact in an
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intertwined form [105]. Then, a requirement arises: physical
objects and the manufacturing hardware should work with
smart sensors to create fluid communication. The latter is
highly applicable for hybrid manufacturing, where sensors
can be used for real-time control and monitoring of DED
and SM.

5 Conclusions

Directed energy deposition (DED) is a versatile additive
manufacturing (AM) process for metal parts fabrication.
It is of high importance for the industry because it can
work with high-performance materials. The geometrical
complexity of the fabricated parts is the main advantage;
nevertheless, the parameter setting is usually a complicated
task, which makes the repeatability of the process difficult.
Besides, the poor quality of parts is the main limitation.
Therefore, current researches are focused on overcoming
the barriers of DED. Several studies are being conducted
to optimize parameters and to understand and characterize
the deposition process. Then, it is essential to highlight
that DED is yet an evolving technology; future efforts
should be realized in parallel to the hybrid manufacturing
concept, aiming to obtain efficient individual processes to
compose a robust hybrid approach. This latter constitutes an
alternative to overcome the limitations cited. The synergy
between DED and machining allows obtaining a unique
process, maximizing thus the advantages, and reducing the
restrictions, where high-quality parts can be obtained. In
order to reach this target, forthcoming studies in this field
should be aligned with the Industry 4.0 guidelines, where
intelligent manufacturing will play an essential role in
parameter optimization, real-time monitoring, and process
planning. As a result, hybrid technology could be widely
applied at an industrial scale, where the flexibility of the
production is directly associated with hybrid workstations.
These last are easily integrable to advanced manufacturing
environments, taking into account that they are advanced
computer systems by nature.
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