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Abstract. Hybrid additive manufacturing is a relatively modern trend in the integration of different additive
manufacturing techniques in the traditional manufacturing production chain. Here the AM-technique is used for
producing a part on another substrate part, that is manufactured by traditional manufacturing like casting or
milling. Such beneﬁcial combination of additive and traditional manufacturing helps to overcome well-known
issues, like limited maximum build size, low production rate, insufﬁcient accuracy, and surface roughness. The
current paper is devoted to the classiﬁcation of different approaches in the hybrid additive manufacturing of
steel components. Additional discussion is related to the beneﬁts of Powder Bed Fusion (PBF) and Direct
Energy Deposition (DED) approaches for hybrid additive manufacturing of steel components.

1 Introduction
Additive manufacturing (AM) of metals and alloys is
currently hard for mass production, due to insufﬁcient built
rate, limited maximum build size, issues of surface
roughness, support structures removal, etc. However,
AM-techniques overtop the possibilities of traditional
manufacturing (like casting, Computer Numerical Control
(CNC), etc.) in manufacturing net-shape-like structures
and complex cooling channel systems.
The idea of hybrid AM came from the fact that a
combination of traditional (subtractive) and additive
manufacturing could help to overcome the limitations of
both processes and to provide a new manufacturing
approach for mass production of medium/big components
with high geometrical complicity and accuracy.
To have a complete understanding of the hybrid
material or technology, it is necessary to understand what
does it means this term, which comes initially from the
agronomy and bio-sciences. According to Cambridge
Dictionary “hybrid (noun) a plant or animal that has been
produced from two different types of plant or animal,
especially to get better characteristics” or “hybrid (adjective) combines two different things”. In the modern
industrial world extremely sharp demand for new materials, which properties or combinations of properties
expected to be beyond the state-of-the-art. This interest
increased signiﬁcantly in the past decade (see Fig. 1). To
cover these needs is very often is not enough to use one
single type of material or class of material or technology,
* e-mail: vvp@technion.ac.il

but to use a combination of multiple of it. In material
science in the previous decade was used mainly
“composite” term for characterization of such materials.
But having of combination materials from different classes,
for example, organic-inorganic [1]; bio-based–rubber [2];
metal-polymer [3]; steel–glass [4,5] the term “hybrid”
became more often used to declare nature of the material
type. To achieve unique properties or properties combinations researchers pay attention to hybrid materials
design: for lightweight ceramic materials [6], lightweight
and high-temperature resistant materials [7,8], metalceramic lightweight hybrid materials [9], hybrid polymer
matrix composites [10,11], and hybrid metal-based composites [12–14]. The current extremely growing development of additive manufacturing processes allows starting
implementing of combining different AM approaches
together with traditional manufacturing to obtain hybrid
materials with 3-dimensional sophisticated design. However, for the hybrid AM were published for a one order of
magnitude less (2017–11; 2018–17 and 2019–24 papers,
according to Science Direct database) in comparison
with the Hybrid Technology and for two order of
magnitude less than “Hybrid material” and “Hybrid
Composites” (Fig. 1).
There are several 3D printing approaches that could be
applied for industrial production of steel and other Febased alloys. The main two of them are Powder Bed Fusion
(PBF) and Direct Energy Deposition (DED). Tables 1 and
2 present short classiﬁcation of PBF and DED techniques,
their beneﬁts and applied materials.
Figure 2 schematically demonstrates the beneﬁts of
additive manufacturing (see Fig. 2c) in comparison with
milling (see Fig. 2b) with high amount of wastes; and in
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Fig. 1. Statistical data of number of published papers, by “Hybrid structure”, “Hybrid material”, “Hybrid Composites” and “Hybrid
Technology” keywords. Data source ScienceDirect ®, by Elsevier B.V.

Table 1. PBF techniques.
Method

Beneﬁts

Fe-based alloys

Other metals

References

Selective Laser
Sintering (SLS)

Manufacturing of functional
polymer parts;
High accuracy and surface
quality compared to FDM
parts;
High geometrical complicity
of the parts;
Higher accuracy compared to
EBM parts
High geometrical complicity
of the parts;
No (extra low) residual stress;
Vacuum environment, no gas
infusions in the product;
Less amount of supports;
Geometrical complicity;
No supports;
Capability to produce Metal
Matrix Composites (MMCs)
and Ceramic Matrix
Composites (CMCs)

–

Nylon, PA, polymers,
polymer-based
composites

[15–17]

Stainless steel;
Tool steel; H13;
Maraging steel

Ni-based super alloys;
Ti-alloys, Al-alloys;

[18–20]

Stainless steel (SS316L)

Ti-alloys; Co-Cr;
Inconel 625; TiAl

[21–25]

SS316L

Sand, ceramics

[26–28]

Selective Laser
Melting (SLM)

Electron Beam
Melting (EBM)

Binder Jetting
Printing (BJP)

comparison with casting (see Fig. 2a), where for each
geometrical change of the component, new high-cost diemold need to be developed and produced.
The current review aims to present the state-of-the-art
in technological approaches, trends and limitations in steel
materials hybrid additive manufacturing.

2 Hybrid additive manufacturing
Strong et al. discussed integrating additive manufacturing
in supply chain together with traditional one. Authors
demonstrated that such approach helps to implement
freedom of design from AM into serial mass production [35].
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Table 2. Direct Energy Deposition techniques.
Method

Beneﬁts

Fe-based alloys

Direct Laser deposition
[29,30]
Laser Engineered
Net
®
Shaping (LENS ) [29,31]

Build up on any
freeform substrate
Multi-material process

Stainless steels,
H13 tool steel,

High build speed
Cost efﬁcient

Stainless Steel

Fastest build process;
Large metal structures
can be produced;
Reduced wastes

Stainless Steel,
4340 Steel

Gas metal Arc Welding
(GMAW) / Wire Arc
Additive Manufacturing
(WAAM) [32]
Direct Electron Beam
Manufacturing (DEBM)
[33,34]

Fig. 2. Manufacturing techniques: 1–casting; 2–subtractive;
3 additive manufacturing.

However in spite of very positive results of integrating
AM with traditional manufacturing for super alloys and
steels, this integration is still limited in industry. It can be
explained by challenging adopting of process 3D printing
parameters for each speciﬁc material and calibration
according to geometry of substrate CNC part.
Merklein et al. stated that customization of lightweight
geometrically complex constructions, of big size and high
accuracy can be produced with the combination of additive
and subtractive manufacturing processes within one single
machine [30].
Oter et al. also demonstrated experimental ﬁndings in
application of Selective Laser Sintering (SLM)/Direct
Metal Laser Sintering (DMLS) technique for hybrid AM

Other metals

Application

Rapidly prototyping
Inconel 625, Ti alloy, of metallic parts,
Cr, W, magnets
complex and
customized parts,
clad/repair precious
metallic components
and manufacture/
repair in remote or
logistically weak
locations.
Ti and Al alloys
Medium and large
aerospace
components
Ti-, Ta-, W-, Cu-,
Al-, Nb-, and Nibased alloys

Aerospace, medical,
nuclear components,
marine systems,
tooling repair

of aluminum extrusion dies from hard hot steel [36]. The
die-parts produced using hybrid AM can be utilized even
with no post-processing.
Additive manufacturing is still not competitive to
subtractive one in terms of surface quality and geometrical
accuracy. That is why CNC is already often used as a postprinting step in a hybrid process for AM-parts. For
example, in [42] it was reported about AIMS
hybrid
process for metallic parts, where additive manufacturing
process was completed with machining steps for support
structures removal and surface ﬁnishing to overcome the
limitation of typical lack of accuracy and surface roughness
of printed parts. Such hybrid approach
AM+CNC
allows to produce high precision parts via additive
manufacturing.
In Table 3 are summarized different approaches in
“hybridization” of manufacturing processes by combination
of additive and subtractive, subtractive and additive, or
additive and additive techniques.
2.1 Powder Bed hybrid additive manufacturing
By PBF usually determined several 3D printing techniques
(see Tab. 1) that have the same principle of manufacturing:
the use as a precursor of powder that is deposited layer-bylayer to the same layer thickness fused by laser, electron
beam or binder in selected areas according cross-section of
the CAD model [18,48]. Such powder depositing used for
polymers in Selective Laser Sintering (SLS), for metals in
Selective Laser Melting (SLM) and Electron Beam Melting
(EBM), for ceramic and metallic powders in Binder Jetting
Printing (BJP) [18].
For SLM and EBM are used commonly pre-alloyed
spherical gas/plasma atomized powders; for BJP both
spherical and irregular powders could be applied.
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Table 3. Hybrid additive manufacturing.
Combination

Fe-based alloys

AM upon CNC-part
AM as a repairing of high-valued
components
CNC as post processing for AM
parts
Combination of different AM types

Maraging and tool steels
SS316L, tool steel,
maraging steel
SS316L, tool steels
SS316L

Hybrid machine

SS316L

single process

Fig. 3. Hybrid additive manufacturing.

BJP with further post-processing can be applied for
production of hybrid CMC- and MMC-like materials
[26,27].
Thus SLM (DMLS) process is beneﬁcial for the
manufacturing of small parts with relatively high accuracy,
with the minimal size of elements up to 300 microns;
internal channel geometry; lattices and similar lightweight
net-shape structures, and complex heat-exchanger structures [18]. The applied heat treatment for stress relieving
can be used for control of the ﬁnal microstructure and
mechanical properties.
In number of papers [36–39,49] it was demonstrated
that SLM technique (EOS © DMLS) can be effectively used
for hybrid additive manufacturing of steel components for
complex big size dies with internal cooling channel system.
Figure 3 illustrates the hybrid AM approach where the
substrate part can be manufactured by traditional
subtractive manufacturing, and the upper part with
internal system of cooling channels
by additive
manufacturing.

Other metals

References

Ti-alloys, Ni-alloys

[36–39]
[40,41]

Al6061; Ti-6Al-4V; Nisuper-alloys; Brass
Ti-alloys resin, polymers
(PLA, PET), ceramics;
Cu-alloys, Ni-alloys
Inconel

[42]
[43–46]

[47]

Paper [43] presents another SLM-integrated hybrid
manufacturing process for production of biomedical dental
implants. The mesh-shaped implants were manufactured
from metal via SLM, with the further Stereolithography
(SLA) process for coating of the mesh using liquid resin.
This hybrid process with the use of two additive
manufacturing techniques, allows to produce multimaterials with graded functional and structural properties.
SLM-manufactured parts can be also integrated in
hybrid processes in combination with another AMtechniques. For example, in [44] it was shown how
functional parts could be produced via SLM with Fusion
Deposition Modelling (FDM). More than that it was
demonstrated that not only metal+polymer structures
could be produced, but even sandwich structures like metal
+polymer+metal, which is beneﬁcial for biomedical
implants.
There were no found any reported data where EBM has
been used in hybrid AM, as it is still seemed too
complicated to print on some other substrate, except
standard building platform, speciﬁc for each printed
material. However PB-EBM using blended powders,
including addition of ceramic nano-powder into metallic
powder, can be the way for production of composite-like
hybrid multi-materials [13,50,51].
2.2 Direct energy deposition hybrid additive
manufacturing
According to the energy source used for direct metal
deposition, wire-feed AM can be classiﬁed into three
groups, namely: laser-based, arc welding based, and
electron beam-based [52]. Arc welding based AM combines
advantages of higher deposition rate, energy efﬁciency, safe
operation, and lower cost, that made this system more
promising comparing to laser-, and electron-beam-based
systems [29] (see Tab. 4).
Gas Metal Arc-Welding (GMAW) 3D printing, also
named as Wire Arc Additive Manufacturing (WAAM)
[32], is closely related to single-layer multi-pass welding.
Table 4 demonstrates that energy efﬁciency of arc
welding processes such as the Gas Metal Arc Welding
(GMAW) or Gas Tungsten Arc Welding (GTAW)
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Table 4. Comparison of energy efﬁciency and deposition rate of DED processes.
DED process

Energy efﬁciency

Deposition rate

References

WAAM GMAW GTAM
Direct Laser Deposition, LENS
Direct Electron Beam Manufacturing (DEBM) /
Direct Electron Beam Welding (DEBW)

Up to 90%
2–5%
15–20%

50–130 g/min
2–10 g/min
2–10 g/min

[53–57]
[53–55,58]
[53–55,59]

manufacturing of medium and big components with
complex geometry and internal conﬁguration; and cost
competitiveness [29,32,61].

3 Steel and other Fe-based materials

Fig. 4. Schematic view of repairing of turbine blade using DED
technique.

processes can be up to 90% [56]. That is much higher
comparing with the poor energy efﬁciency of laser and
electron beam [56,57].
The same situation can be observed with the deposition
rate for laser/electron beam it is in the order of 2–10 g/
min, compared with 50–130 g/min for WAAM based
technology.
The DED process,
named as Laser Engineered Net
®
Shaping (LENS ), became attractive and promising due to
multiple nozzles, that resulted in a higher effectiveness of
powder delivery, and enabled the use of
several powders in
®
one built [60,61]. Powder-based LENS can provide higher
accuracy and lower surface roughness then WAAMtechniques. Moreover different powder compositions can
be supplied using different nozzles for manufacturing
hybrid and composite-like structures [62].
Electron beam has a slightly higher energy efﬁciency
then LENS-process, but it requires a high vacuum working
environment [59]. That fact limits the maximum size of the
build by the size of building chamber.
One of the common advantages of DED-techniques in
comparison with PBF techniques is the possibility to print
on different substrates. It can be a different material, and
also a non-ﬂat surface. That enables the application of
DED-techniques for repairing high-valuable components
for critical safety applications like aerospace. Figure 4
schematically shows how the blade-like component can be
re-newed using DED.
It can be concluded, that
DED techniques using
®
WAAM, DEBW, and LENS are beneﬁcial for hybrid
AM in terms of surface defects repairing [40,41],
productivity, rapid processing of weldable materials;

Steels and alloys with high iron concentration have
strategical value for wide range of applications, like
construction building, automotive, gas and oil industry, etc.
Iron-based alloys and high-alloyed steels remain
attractive for many industries due too high mechanical
properties, cutting, corrosion and wear resistance, ductility
and hardness. These properties can be tailored according to
application needs using alloying of additional elements in
steels, and by different heat treatments.
3.1 Stainless steels
Additively manufactured stainless steel, mostly SS316L
has been already reported in many papers [24,25]. Stainless
steel manufactured by EBM even with no post-processing
could be utilized for nuclear application [63].
SLM-made steels followed with the necessary postheat-treatment for stress relief and hardening, are used for
medical components [64].
Stainless components can be either produced by BJP
with the following post-sintering [27] for bone scaffolds or
using inﬁltration for rotor and stator components [26,28].
All PBF techniques can be applied for components with
complex net-shape structures. However, only SLM can be
used for printing on the substrate part. EBM- and BJPmade parts can be used in hybrid AM as an alternative to
traditional manufacturing in the production of substrate
basic part. For example for composite or ceramic-based
materials that are not possible (hardly possible) by
SLM.
3.2 Maraging and tool steels
Tool steels are used for the production of wear-resistant
and hard tools, and have signiﬁcant differences from
structural steels. By “tool steel” is considered such steel,
which contain at least 0.7 percent carbon.
Between themselves, they differ in the presence of
secondary carbides (they are not in hypereutectoid alloys).
Moreover, carbides formed during eutectoid modiﬁcations
or during the decay of martensite are necessarily present in
all structures.
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Tool steel can be used for:
Cold and hot deformation (stamping);
High precision products;
Cutting tool;
Measuring products;
High-pressure die-casting molds.

Maraging steels, typically containing Fe-65%, Ni-18%,
Co-8%, are widely used in the tool and die industry due to
their high speciﬁc strength, high fracture toughness and
weldability. They are used for many tooling applications
including plastic injection molding, high pressure diecasting, stumping, and extrusion dies [35,37].
Investigation of hybrid additive manufacturing of
maraging and tool steel has been already reported by
several papers [37–39,49,61,65]. SLM / DMLS was used for
3D printing. Hybrid AM of such type of steels used e.g. for
die-casting inserts with complex cooling channels system:
the substrate relatively simple shape part produced by
machining, and then is put into SLM machine; calibration
is performed according to cross-section of this part and
building AM model.

Fig. 5. Schematic view of hybrid PBF process using EBM
system: 1-powder #1; 2–powder #2; 3–powder hopper for small
amounts of powder; 4–building platform; 5–deposited powder
layer; 6–rake blades for powder deposition; 7–part built from
powder #1; 8–part built from powder #2; 9–gradient zone built
from blended powder #1 + #2.

[13,50]. Such an approach for manufacturing compositelike structures with hard abrasive surface and ductile inner
part with reinforcement is discussed in [13].

3.3 Protective coatings
Application of protective coatings may bring an increase of
corrosion and chemical resistance [66,67], increase of
working temperature of the products [68], improved wear
resistance [69,70] and, thus, longer lifetime of the product.
Very high interest nowadays is on multi-layered structures
[71–73] and high entropy alloy (HEA) coatings [73,74].
Deposition of such coatings also can be considered as a
type of hybrid manufacturing where the part is produced
by forging, milling or casting, and then thermal spray [75],
or powder DED is applied.
In PBF approach deposition of metal coating on
another alloy in one metallic component can be realized
by ﬁlling the vertical hopper with two different powders
(see Fig. 5) [51].
However this approach is far from industrialization, as
it provides “coating” from the one speciﬁc layer, and it is
more effective on ﬂat objects. Actually it can be considered
as a coating only on the ﬂat objects, otherwise, it is a
composite object with a gradient zone between two
different metals (see Fig. 5).
3.4 Hybrid and graded materials
Manufacturing of hybrid-like compositionally and functionally graded materials is one of the modern unique
options provided by the PBF-systems [13,76–78]. It can be
achieved by simultaneous process parameters control and
feeding of blended powders. Besides blended powders can
contain different fractions, together metallic, ceramic, or
polymer particles.
For such hybrid-like graded materials, additive
manufacturing acts as a production technology. However,
for homogeneous mixing of the blended powder before PBF
again auxiliary traditional methods are applied.
Steel based Metal Matrix Composites (MMCs) can be
produced by PBF techniques using blended powders

4 Summary
The main common development trends of the state-of-theart of steel-based materials hybrid additive manufacturing
routes can be extracted from the current review.
– Steel based materials are rapidly developing by PBF and
DED techniques.
– There were reported several attempts to produce steelbased hybrid and composite materials using PBF
techniques.
– DED techniques are more ﬂexible in integration with the
traditional CNC process. Such combination is beneﬁcial
for hybrid manufacturing, protective coatings and for
parts repairing.
– Laser-based PBF allows hybrid additive manufacturing:
the substrate simple-shape part is produced by traditional manufacturing and the complex shape one is
printed directly on it.
In conclusion, it can be said, that hybrid additive
manufacturing supposed to be a process that combines
advantages of additive and subtractive manufacturing
integrates AM into traditional production chain with
compensating of AM limitations, resulting in an increase of
AM processes industrialization.
We want to thank for the kind support and ﬁnancial funding:
COST Action CA15102, and the Ofﬁce of the Chief Scientist of
Israeli Ministry of Science and Technology.
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