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Additive manufacturing is an important and promising process of manufacturing due to its increasing demand in all
industrial sectors, with special relevance in those related to metallic components since it permits the lightening of
structures, producing complex geometries with a minimum waste of material. There are different techniques involved in
additive manufacturing that must be carefully selected according to the chemical composition of the material and the final
requirements.
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| 1. Introduction

AM is continuously growing and helping to expand the options for materials used in manufacturing. Although
thermoplastics have been the most attractive materials in the early days of 3D printing, metallic systems have been
driving an important revolutionary change in AM during the last decade, addressing fundamental challenges for engineers
and researchers.

AM has opened a huge new research field and prompted the investigation of alloys and new techniques in order to
optimize the whole process, from the raw material properties to the final component characterization. This is due to the
advantages that the process can provide compared to the traditional manufacturing techniques. Additive manufacturing
development is exponentially accelerating cost adjustment and efficiency in producing different components for a wide
range of applications. The reduction in energy of up to 25% and cutting of waste and materials costs up to 90% are some
impactful achievements, in addition to the main attractiveness of the AM processes.

Furthermore, a variety of complicated shapes can be easily designed through the AM technique and, thus, specific
components can be obtained for biomedical applications B! and the aeronautical industry HIBIEl with titanium and
aluminum alloys being, respectively, the most-used metallic materials in such applications due to their mechanical
properties and lightness which are essential to both industries. Fe-based materials, and more specifically, stainless steels,
as the best substitutes in applications where corrosion resistance in combination with mechanical properties is required,
are frequently used in AM, as well. Understanding the AM process conditions, postprocessing, and structure-performance
of stainless steels should be considered to create more corrosion-resistant stainless steels A&l There is also growing
interest in the use of AM for the production of jewelry and luxury watch components, as well. This interest is driven not
only by the potential design innovation offered by Additive Manufacturing, but also from the environmental and economic
point of view, as the recovery of precious metals such as gold is a complex process, whereas this step is circumvented by
applying gold as an alloying element. The main precious metal that benefits nowadays from AM is platinum and its alloys,
which are used to create highly-value added metallic objects ¥l Nickel-aluminum bronze (NAB) alloys are extensively
used in the marine industry and there has been a recent increase in interest in their being additively manufactured. Their
microstructure can vary in comparison to conventionally casted NAB alloys and some studies have shown improvements
in their mechanical and corrosion properties 19,

| 2. Additive Manufacturing Processes Classification
2.1. Introduction

In order to understand the impact of additive manufacturing processes, a general definition and description, as well as
classification of the various additive manufacturing processes, will be covered in the following section.

Additive manufacturing (AM) is defined by the ISO/ASTM 52900 (LU as the process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, such as the
traditional machining of building components. AM refers to a variety of processes in which material is deposited, joined, or



solidified 2. Metal additive manufacturing (MAM), also known as metal 3D printing, consists of complex metal parts
fabrication with improved functionalities. The advantages of using AM of metals over traditional manufacturing methods, in
some cases, have led to an enormous increase in its use; for example, between 2020 and 2024, metal AM growth is
estimated to be around 14% per year X3 alongside a simultaneous increase in the number of studies on additively
manufactured steels. For instance, 5.861 articles were found in the Web of Science, considering both additive
manufacturing and steels, that were published in the last five years. Since its inception in 1987, AM has shown significant
progress in the general understanding of the processes related to it and the impact on the structures and properties of the
fabricated metallic components.

AM technologies are based on the principle of modelling a body, loading the data into the equipment, and building the
component layer upon layer until the creation of the complex 3D model. AM can be categorized according to the energy
source provided during the process (e.g., laser or electron beam). 3D printing deposition is carried out by means of a print
head or a nozzle (or multiple) that deposits the material in a controlled flow and temperature.

This layer-by-layer forming saves costs because it does not generate large amounts of waste, as the material is only
added where it is really needed, thereby permitting near-net shape manufacture with powder or wire form as the starting
feedstock. Virtually, this process does not create any residual material waste if all of the un-melted material can be fully
recycled as has been demonstrated recently, focusing attention on the environmental impacts of additive manufacturing
vs. traditional machining via life-cycle assessment in a comparative way 14!, Also, almost any geometry can be created, in
contrast to conventional machining, the walls of the workpiece can be very thin (which is not possible through casting),
and manufacturing is possible in a fairly short period of time. The freedom of design is particularly relevant in biomedicine,
as dental implants or orthopedic parts and can be adapted to the specific needs of each patient 3. However, the main
sector driving the increase in the use and development of AM is the automotive sector, due to reductions in weight and,
especially, in the weight/cost ratio.

In any case, researchers must not forget that there are also problems associated with this general technique; therefore, it
is essential to study these issues in order to understand and solve them, with the aim of obtaining an even more versatile
technique. To this end, numerous studies have been carried out comparing the mechanical properties, corrosion
behaviour, and microstructure of metal parts produced by AM and by traditional manufacturing methods 287 |t is known
that the special conditions of AM produce a fine microstructure with unigue directional growth characteristics in non-
equilibrium zones. This distinctive microstructure, fine o' martensite in as-built Ti6AIV4 18I together with microstructural
defects, originated from the additive manufacturing process, strongly influences the corrosion behavior of metal additive
manufacturing materials. Several studies have already been carried out in this respect. However, issues concerning the
corrosion and corrosion protection of these materials are still poorly understood 29,

Some AM processes have evolved from conventional welding processes, while others, such as powder bed fusion
processes, have been developed with the specific intent of enabling the manufacturing of complex 3D geometrical
objects. Two main groups can be distinguished in this technique:

« Powder bed technologies. Within this group, a classification can also be made according to the energy source used for
deposition. Here, researchers find Selective Laser Melting (SLM), Electron Beam Melting (EBM), or precision inkjet
printing in which the metal powder is mixed with a binder, so that after deposition the piece is sintered, resulting in the
final model.

« Blown powder technologies, also known as Laser Metal Deposition, LMD, or Laser cladding, wherein both are based
on the availability of the metal powder to blow coaxially to the laser beam, which melts the powder onto a metal
substrate to form a metallurgical bond upon cooling to room temperature.

Depending on the material used, a distinction can be made between metal in the form of ‘wire’ and metal in the form of
‘powder.’ For the former, the metal is placed in the form of a coil which is connected to the extruder nozzle. For the latter,
several requirements must be met. For additive manufacturing, metal powder should have a spherical shape to ensure
good flow and coating ability. A particle size range between 50 um and 150 pm, depending on the machine type and its
distribution, must be adapted to the application, as well as the chemical composition of the metal and the gas content,
because these may be responsible for defects within the structure 2122,

There are also other causes associated with AM processes that can produce defects in the structure. One example is the
thermal cycling inherent to manufacturing, resulting in different microstructures and types of defects related to the process
parameters and the geometry of the final object, as well as the local environmental conditions during processing.



If the manufactured part has a low static loading, the microstructure itself can determine the average mechanical
properties. However, if it must withstand cyclic loading, as in aero engine or turbine components, defects limit the lower
threshold of the mechanical properties and, therefore, are a major concern, as they restrict the loading conditions during
operation. In view of the above, post-manufacturing treatments such as Hot Isostatic Pressing (HIP) are essential, as they
can minimize certain types of defects, such as porosity, depending on the material and the AM process used. Other
treatments include hybrid solutions between in-situ and post-manufacturing treatments, such as the induction of
compressive residual stresses in the material to reduce the influence of surface topography, defects, and residual
stresses.

Sander et al. 23 in 2018, published a deep, extended, and critical review of corrosion knowledge of Additively
Manufactured alloys, pointing out that this revision practice should be done each year, since AM is being introduced in all
industrial sectors in which severe and critical service conditions are present. Indeed, this is the motivation of this research:
to advance the corrosion behavior knowledge of the AM metallic systems, paying special attention to the deep relationship
between the existence of defects resulting from each particular process as well as the final microstructure of the produced
material. The following sections present a description and classification of the main AM methods and tools that are
currently carried out to produce metallic components.

2.2. Additive Metallurgy by Direct Energy Deposition Processes (DED)

During direct energy deposition, focused thermal energy is used to melt the material as it is deposited. This is the main
difference of Powder Bed Fusion (PBF), where thermal energy is used to selectively fuse regions of a powder bed. DED
processes are typically used on existing parts of arbitrary geometry with a relatively high deposition rate; however, they
allow for little complexity in shape. Therefore, their main use is in the repair or improvement of other pre-formed parts.

2.2.1. Additive Metallurgy by Laser Melting Deposition (LMD)

The main advantage of this method is the lack of Heat-Affected Zones (HAZ), or hydrogen cracking, which is
characteristic of repairs by conventional arc welding, or cold or plasma spraying. In fact, LMD can reduce distortion and
microcrack formation by optimizing the parameters, resulting in metallurgical-bonded and high-quality coatings obtained in
a short period of time. When used to repair parts, it is done with highly satisfactory results. With respect to the
disadvantages, a typical example is when LMD is used with 316 L stainless steel, in which the composition has a great
effect, for instance with any redistribution of Mo in printed 316 L alloys. If this happens, their corrosion resistance could be
significantly affected, as well as the grain size, altering local degradation mechanisms which have a strong dependence
on the corrosive media (decreasing grain size in austenitic-type 304 stainless steel below 2 um increases the general
corrosion in sulfuric acid solution due to passive film destabilization at grain boundaries) 24231,

2.2.2. Additive Metallurgy by Wire Arc Additive Manufacturing Processes (WAAM)

WAAM uses arc welding tools and makes use of wire as feedstock for additive manufacturing. The deposition rate is high,
the equipment is not expensive, and it has a good structural integrity, making it a promising method to replace the current
manufacturing methods for components with low and medium complexity 23, During the WAAM process, every single
layer has a heterogeneous grain structure (as well as melt pool boundaries, matrix supersaturation, segregation, phase
transformation, new textures, and oxide formation), as in other types of MAM; however, in this case, the former layer is in
a solid-state, and, therefore, holds a lower temperature, increasing the effect. In addition, for each individual layer, three
zones can be distinguished (Figure 1): the Melt Pool Zone (MPZ), Melt Pool Border (MPB), and heat affected zone (HAZ).
The MPZ is produced because the metal wires are completely melted during WAAM. Between different MPZ areas, it is
possible to find the MPB, with a completely different grain structure and intermetallic distribution. Finally, HAZ is the
previously deposited layer region where the temperature is high enough to alter the microstructure but below liquidus
temperature. The region which is the furthest away is total or partially remelted, and belongs to the MPB on the previously
deposited layer side [2€],
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Figure 1. lllustrative diagram of WAAM process and Schematic representation of different zones in WAAM part, being
MPB: melt pool border, MPZ: melt pool zone, and RM: remelted, HAZ: heat affected zone.

2.3. Additive Metallurgy by Powder Bed Fusion Processes (PBF)

Different scan parameters should be considered when the PBF process is carried out. An inert atmosphere or partial
vacuum is necessary to provide shielding of the molten metal. Currently, the most-used practice is laser powder-bed
fusion (L-PBF) followed by vacuum heat treatment to produce alloys with controlled microstructures. An energy source is
used to selectively melt each layer of the powder, which are already spread according to the required cross-section of the
part in the digital model. Once the layer has been scanned, the piston in the building chamber moves down and the piston
in the powder chamber moves up according to the defined layer thickness. The coating mechanism or roller deposits the
powder in the building chamber, which is scanned again by the energy source. This cycle is repeated layer by layer until
the complete part is formed. The time required to complete a part is longer than that for DED technologies; however, a
higher complexity and better surface finish can be achieved and minimal post-processing is required. Multiple parts can
be built together to make maximum use of the build chamber 2. If the process is carried out at reduced pressure, a more
stable melt pool and reduced porosity are obtained. Part-specific process settings are often controlled to reduce thermally-
induced residual stresses and defects.

2.3.1. Additive Metallurgy by Laser Powder Bed Fusion (L-PBF)

Powder-Bed category techniques involve laser powder bed fusion (L-PBF), also known as selective laser melting; SLM;
selective laser sintering, SLS; and EBM technologies. The cooling rate for SLM is usually >105 K/s, which is higher than
that of direct laser deposition (DLD) (usually from 103 to 105 K/s) and much higher than that of traditional casting
methods, which have lower solidification rates [28. The local rapid heating and, especially, fast cooling rates, coupled with
thermal cycling, induce the formation of unique microstructures with refined grain structures, dislocation cells, and internal
residual stresses. These conditions also cause the formation of metallurgical defects, including un-melted powder particle
microcracks, entrapped gas pores, balling, and rough surfaces.

One of the most common nucleation sites for corrosion problems in three-dimensional printed materials is pores. They
reduce the passivation property in the presence of sulphuric and phosphoric acid solutions 29, There are two types of
pores: one type exists around the un-melted powder particles, and another is caused by the trapped gas inside the
powder during gas atomization 29, The porosity can be reduced to a certain extent by optimizing the printing conditions,
including laser energy, scanning rate, and scanning direction. It has been found that increasing the laser power or
properly decreasing the scanning rate can reduce the porosity of different metals such as nickel- or aluminium-based
alloys, or some type of stainless steel such as 316 L by SLM 23], This will be detailed in the next section.

Selective laser sintering, SLS, was the first PBF-AM process, invented in 1981 by Ross Householder Bl who patented it
under the name of “Molding process”. A few years later, Carl Deckard and Joe Beaman patented a similar method, under
sponsorship of DARPA B2 which was more alike to what is known today as SLS.; however, it would take some years
before this technique could be used with metallic materials, as it was initially used with amorphous or semi-crystalline
polymer powder or semi-crystalline powder. Usually, this technique is related to a final step that consists of applying

thermal treatment in order to remove the polymer binding particles, sintering, and improving the base material
microstructure [231341135]

In any case, there are examples of the strength of this technique, such as the seven degree-of-freedom dual-arm
hydraulic which was built using the SLM method for undersea use. The hydraulic system was produced with titanium to
obtain the necessary properties for naval applications [28],



2.3.2. Additive Metallurgy by Electron Beam Melting (EBM)

Many parameters can be modified and corrected using the EBM technique so that the final part does not require further
treatments. Precursor and pre-alloyed powders are selectively preheated and melted by varying the beam sweep, its
current, and even the cooling rate, this being one of the main causes of defects in AM due to creating stresses in the
microstructure. If the microstructure and mechanical properties of these systems are analyzed and compared to
conventional forged and cast products, a columnar microstructure resulting from layer-by-layer melting solidification
phenomena can be distinguished. This is because solidification is directional, which implies a continuous
melting/solidification front (37,

Some of the major defects that appear during this process are unavoidable to some extent and can severely degrade the
mechanical properties of the material. An example of this is Alloy 718, obtained by EBM, which is often post-processed to
improve the material properties. Although hot isostatic pressing (HIP) is commonly used to close defects, it cannot close
open-to-surface ones. Therefore, a possible solution could be that, if the surface of the EBM-manufactured specimen is
suitably coated to encapsulate the EBM-manufactured specimen, then HIPing can be effective in healing such surface-
connected defects [B8l. |t is remarkable that the residual properties of EBM-fabricated components are usually as good as
or better than conventional cast or wrought products, even after post processing. Table 1 summarizes the main
advantages and disadvantages of both the DED and PBF AM techniques.

Table 1. Main advantages and disadvantages of DED and PBF AM techniques.

Main Process Advantages Disadvantages References
LMD Less micro-cracking Require post-processing [39]
Improved thermal control Low process rates
DED
WAAM G_ood struct_u_ral integrity Lt_)wer accu_racy ) [24][39][40]
High deposition rate Different microstructure obtained
L-PBF(SLM) High heat and process spt?ed Surface roughnesls [41][42]
No support structure required Powder particle size
PBF

High process rates
EBM Good accuracy
Fully dense parts

High surface roughness [41][43][24]
Requires high-quality powder

2.4. Additive Metallurgy by Hybrid-AM Techniques

As already mentioned, AM processes offer numerous advantages, especially in terms of free design in a reduced time;
however, this is irrelevant if the part created is full of defects that can affect the mechanical, physical, or chemical
properties in such a way as to render the part unusable. To avoid this, in situ or serial AM processes and secondary
energy sources that are capable of modifying the resulting material or part properties must be combined. These
modifications can be due to both in-situ secondary procedures and process chains, and is anchored in multiphysics
mechanisms, so that new hybrid-AM processes can be applied very selectively to the problem which was generated
during AM (Figure 2). The desired material properties determine the mechanism that is used and, in turn, the energy
source that is applied, which ultimately defines the hybrid-AM process. Some of the properties that can be changed using
this mechanism are melt pool dynamics, microstructure development, stress state, surface evolution, and thermal
gradients [42],
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Figure 2. Property—mechanism—energy source—hybrid-AM process framework for hybrid-AM classified by mechanism
and energy source utilization. Attending to the scheme, it is easy to understand why such a problem-oriented selection of
the sample is possible 43!

Overall, additive manufacturing processes for metal systems promise significant revolution in the industry, assuring
advantages but also many challenges that must be faced in the upcoming century.
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