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Highlights:

• A full review article on the corrosion behaviour of additive manufacturing (AM) of metallic parts
is presented with the aim of covering the significant lack of information on this subject.

• Corrosion resistance of light metallic systems and duplex stainless steels objects obtained by
additive manufacturing (AM) processes is critically discussed, based on the synergism between
variables linked with chemical composition, manufacturing processes, and service conditions.

• Methodologies for improving the corrosion resistance of metallic parts produced by additive
manufacturing (AM) are highlighted.

• The available data allow us to state that potentiodynamic corrosion tests are the best methodology
to characterize metal additive manufacturing (MAM) corrosion and this unique test should be
selected for the evaluation of this phenomenon. There is a gap in knowledge and test procedure to
properly identify the relationship between defects and corrosion behaviour of the most studied
metal additive manufacturing (MAM) systems.

Abstract: 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. There is a large amount of research devoted to the technical development and the
mechanical properties of the final components; however, not much attention has been paid yet to the
corrosion behaviour in different service conditions. The aim of this paper is to deeply analyze the
interaction between the chemical composition of different metallic alloys, the additive manufacturing
processing, and their corrosion behaviour, determining the effects of the main microstructural features
and defects associated with these specific processes, such as grain size, segregation, and porosity,
among others. The corrosion resistance of the most-used systems obtained by additive manufacturing
(AM) such as aluminum alloys, titanium alloys, and duplex stainless steels is analyzed to provide
knowledge that can be a platform to create new ideas for materials manufacturing. Some conclusions
and future guidelines for establishing good practices related to corrosion tests are proposed.

Keywords: corrosion; additive manufacturing (AM); titanium alloys; aluminum alloys; duplex
stainless steels; defects
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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 [1–3]
and the aeronautical industry [4–6], 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 specifi-
cally, 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 [7,8].
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 innova-
tion 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 [9]. 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 [10].

Such applications require high-quality control and specific corrosion resistance prop-
erties besides mechanical resistance. The influence of the conventional techniques on such
properties in metallic components produced by AM has been extensively studied. However,
it has been observed in the literature that there is a lack of information and data, specifi-
cally on the corrosion properties of AM metallic materials in comparison to traditionally
fabricated objects. For these reasons, the main purpose of this paper is to obtain a state of
the art of the most significant problems related to all kinds of defects occurring during and
after the main AM processes and to correlate these issues to the corrosion resistance of the
as-built AM metallic parts.

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 [11] 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 [12]. Metal additive manufacturing (MAM), also known as metal 3D
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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 [13], 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 [15]. 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, we 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 manu-
facturing methods [16,17]. It is known that the special conditions of AM produce a fine
microstructure with unique directional growth characteristics in non-equilibrium zones.
This distinctive microstructure, fine α′ martensite in as-built Ti6AlV4 [18,19], together with
microstructural defects, originated from the additive manufacturing process, strongly influ-
ences 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 [20].

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 accord-
ing to the energy source used for deposition. Here, we 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.
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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 µm and 150 µm,
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 [21,22].

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 ge-
ometry 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 deter-
mine 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
paper: 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 µm increases the general corrosion in sulfuric
acid solution due to passive film destabilization at grain boundaries) [24,25].
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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 manu-
facturing. 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 bound-
aries, 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 [26].
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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 [28]. 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.
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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 deposi-
tion (DLD) (usually from 103 to 105 K/s) and much higher than that of traditional casting
methods, which have lower solidification rates [29]. The local rapid heating and, especially,
fast cooling rates, coupled with thermal cycling, induce the formation of unique microstruc-
tures 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 [30]. 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 [31]. 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 [32] 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 [33], 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 [34–36].

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 [37].

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 [38].

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 [39]. It 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.
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Table 1. Main advantages and disadvantages of DED and PBF AM techniques.

Main Process Advantages Disadvantages References

DED

LMD
Less micro-cracking
Improved thermal
control

Require
post-processing
Low process rates

[40]

WAAM
Good structural
integrity
High deposition rate

Lower accuracy
Different
microstructure
obtained

[24,40,41]

PBF

L-PBF(SLM)

High heat and process
speed
No support structure
required

Surface roughness
Powder particle size [42,43]

EBM
High process rates
Good accuracy
Fully dense parts

High surface
roughness
Requires high-quality
powder

[42,44,45]

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 [46].

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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3. Defects in Metallic Systems Due to AM Processes

The control of defects in all processing of metals is of crucial importance, and in the
same is true of additive manufacturing processes, as these can significantly deteriorate
mechanical properties. Additionally, it is even more important to minimize or prevent
processing defects when corrosion resistance is required from the processed components.
Therefore, in this section, we will discuss the appearance of different defects during the
processing of metals and their influence on the loss of corrosion properties.

Despite the great advances and improvements provided by AM techniques, as has
already been mentioned in the previous section, the appearance of defects in the manufac-
tured parts can significantly worsen the physico-chemical properties of the components
and, with this, their functionality. Since a defect is a discontinuity of a material that penal-
izes the properties of that material, they must be avoided during the processing of metallic
systems. The key issue is to define the concept of defect in the material processed by
additive manufacturing due to the particularities of each process concerning the material
to be processed, such as chemical composition and geometry, as well as the variables of
the process: temperature, flux heat speed, vacuum system, etc. Therefore, it is highly
dependent on the process itself.

Defect formation is a common problem in all types of AM, being commonly identified
in WAAM and SLM; nevertheless, the defects generated during WAAM are the most
studied [47], wherein residual stresses and distortion parameters, among others, can
influence the fracture behavior and as a result it can be difficult to achieve the required
tolerances of the components. In this sense, a defect is a discontinuity; however, in general,
larger and more heterogeneously distributed defects would imply a higher negative impact
related to the same situation in other classical processing methodologies. In this way,
the critical defect criteria, which are type, size, orientation, and distribution, may be
known. Hence, it is also important to understand the properties of AM components and
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the associated effects of defects, mainly porosity and cracks, to understand their impact.
Previous studies have defined the term as critical defect criteria [48].

Corrosion could be controlled by the existence of defects that are caused during the
additive manufacturing process; therefore, it is important to know the defects present in a
material processed by AM and their influence on the final properties. In this section, the
description of the main defects found in the literature and their direct correlation to the
properties of several components of alloys obtained by the AM process will be shown. The
main defects are not strictly categorized by a unique type; nevertheless, the most frequently
found are cracks, porosity, residual stresses, non-homogenous microstructure, unbalanced
chemical composition, brittle phases nucleation, properties anisotropy, and microgalvanic
cells. Some of these defects are shown in the schematic illustration in Figure 3a, which
represents their formation during the layer-by-layer building procedure of AM processes;
for example: porosity, lack of flow parts, keyhole defects, microcracks, and the formation of
intermetallic phases that are not visible macroscopically (not represented in the scheme).
Figure 3b details the appearance of additional defects due to the influence of a corrosive
environment on the as-built AM component. For instance, intragranular corrosion and
pitting corrosion defects could be present in the microstructure along with the AM process
defects, causing significant microstructural damage. Figure 3c offer a general view of
a component after post AM processes such as solution annealing treatment at a certain
temperature and during a specific time, as well as the surface pickling passivation process,
which improves the homogenization of the microstructure and protects, superficially and
internally, the material from corrosive environments, respectively.
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Wu et al. [47] have published a state of the art focused on the defects found in different
alloys used in WAAM in order to control the quality improvement requirements for specific
industrial applications. An algorithm has been optimized to identify the correct process
parameters by Busachi et al. [49] in order to identify the main defects generated during
the WAAM process: porosity, undercutting, and humping. B. Zhang et al. [50] reviewed
defect formation mechanisms and their classification in SLM for common defects such as
porosity, incomplete fusion holes, cracks, surface roughness, and delamination. However, it
is necessary to point out that the type of defects is very closely dependent on the chemical
composition of the material to be processed, as has been observed by Xu et al. [51] in
AlSi10Mg alloy used in SLM, with lack of fusion and porosity being identified as the
most common defects. Residual stresses are usually induced in SLM process due to high
thermal gradients occurring in the process that can also cause cracks and distortions in the
manufactured material, as has been observed by Siddique et al. [52].
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Sander et al. [23] conducted an exhaustive state of the art review, linking the chemi-
cal composition with the corrosion behavior of numerous materials in multiple adverse
conditions. They have pointed out the necessity of a deeper fundamental understanding
of MAM and have called attention to the necessity of standards and standardized assays,
which can be, for example, specimen preparation. Actually, it is critical to approach an
unified understanding of the complex relations between all of the variables involved in
each process. Nevertheless, the increasing development of additive manufacturing tech-
niques as an alternative to conventional processing, having an impact on new metallic
materials, needs to proceed with comprehensive periodical revision, which is one of the
main purposes of this paper.

Classification and Identification

Since the different processes can induce different defects, it is not easy to establish a
close classification of them. Moreover, some hypothetical defects could be considered as
desirable variables during an AM process, such as porosity, in order to produce lighter
components despite the fact that they are cavities within the weld bead. In particular, its
presence reduces the overall density of the parts and thus reduces the mechanical properties
of the manufactured components. In this study, we will only be considering defects
which introduce a penalizing issue to the material microstructure and/or macrostructure.
The formation of keyholes is the main defect that appears in WAAM and SLM build
components [53]. In research conducted by the LLNL [54], a previously unknown dynamic
within LPBF was revealed, in which the process produces small particles or clusters of
powder particles that are ejected from the laser’s path and which can land back on the
parts. This phenomenon can lead to the formation of pores or defects in final parts. After
discovering these spatter interactions, LLNL researchers set out to better understand
them and find a solution for reducing or even eliminating defects in parts built through
a common, laser-based metal 3D-printing process. They show a simulation of a laser
interaction, where laser-power was above a threshold that expelled the spatter away from
the scan track, preventing the formation of defects due to “laser shadowing”.

Porosity refers to cavities within the weld bead and is considered a defect as it affects
the performance of the weld. In particular, its presence reduces the overall density of
the parts and thus reduces the mechanical properties of the manufactured components.
Undercutting is related to the concavity of the weld bead, which compromises the tolerance
requirements. Humping refers to an uneven material deposition. LOF defects are the
result of an interaction of spatter particles of the material with the incident laser beam.
Kim et al. [39] classified two porosity types in AM-produced parts: lack-of-fusion (LOF)
porosity, resulting from the interaction of spatter particles of the material with the incident
laser beam, and gas porosity, (GP). LOF does not necessarily come from the interaction
of spatter particles but can also result from an insufficient energy input which does not
completely melt the powder bed.

The various types of microstructural features or defects, their generation mechanisms,
their effect on bulk properties, and the capability of existing characterization methodologies
for powder-based AM parts were considered by Collins et al. [55], who pointed out the
importance of their in-situ detection by non-destructive tests. Recently, Snow et al. [56]
found that these flaws in AM-produced material are an important defect that penalize
fatigue resistance, by the application of machine learning approaches they distinguish
different types by attending to geometry and size: gas porosity and keyhole pores, (~50 µm
or less) relatively spherical, and lack of fusion pores with an irregular morphology, often
much larger,. Nassar et al. [57] showed that stochastic collisions occur both between
particles which are nearly-simultaneously expelled from the laser interaction zone and
between particles which are ejected from distant locations to support the existence of LOF
defects. The effect of ejected melt and its spatter in PBFAM specimens has been studied,
the occurrence of cracks being the main associated defect. Monzon [58] defined three
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methods to check porosity and determined the strong relevance of this defect on fatigue
crack patterns in SLM Ti-6Al-4V alloys.

Since the microstructure is fairly anisotropic in AM components, and an extensive
columnar zone can penalize mechanical properties, the research carried out by Blinn et al. [59]
in which they claimed the possibility to control the full microstructure of an AISI 316
stainless steel, avoiding potential posterior defects, is interesting. By modulating spatial
laser intensity profiles on the fly, site-specific microstructures and properties can be directly
engineered into additively manufactured parts, as has been shown by Roehling et al. [60].

Porosity is very critical, in particular for aluminum alloys, as has been studied recently
by several authors [61,62] and has permitted the establishment of a classification of small
and homogenously distributed hydrogen pores and big and inhomogeneously distributed
process pores. Hauser et al. [63] have observed the formation of aluminium oxide wherein
the oxygen source is both from the wire and the substrate, which dissociates in the arc-based
process and could enter the melt pool, causing a high number of pores in aluminum alloys,
this seems to be related to the high shielding gas flow rate, as well.

Furthermore, porosity plays an important role in NiTi alloys used for biomedical
purposes related theirs corrosion behavior since, as porosity increases, higher Ni ion is
released compared to the bulk NiTi samples; however, it remains within the range of most
of the reported values for conventionally fabricated NiTi alloys [64]. It is worth mentioning
that there have been several efforts to reduce the Ni ion release of conventionally-fabricated
NiTi parts.

A proper solution annealing heat treatment is recommended for the improvement of
the mechanical properties of alloys fabricated by WAAM, as has been observed on Hastelloy
C276. It generates a solid solution strengthening, due to a reduction in the brittle phases’
percentages with a PHT at 1177 ◦C [65]. For a reliable fatigue life, residual stresses must be
relieved. The role of residual stresses in this study can be neglected, as a stress-relieving
post-process heat treatment was performed on all of the specimens.

The very safety-critical AM components must be inspected after manufacturing to
ensure the absence of any concerning defects: either material degradation or deviation from
their designed characteristics. The most-used test is based on non-destructive methods,
such as the approach phase array ultrasound test to check steel for use in the WAAM
process, in which authors generate defects to create a pattern to detect defects [66].

In order to control the existence and distribution of defects, inspection based on
acoustic signals in SLM-manufactured parts was proposed by Ye et al. [67]. Meanwhile,
Romano et al. [68] proposed X-ray micro-computed tomography (µCT) and metallographic
analysis to facilitate the estimation of internal defects of specimens of laser melted AlSi10Mg
specimens, demonstrating that CT offers better precision and lower cost than metallo-
graphic analysis when similar volumes of material are investigated. In this vein, Nourian-
Avval et al. [69] carried out porosity detection in terms of using metallography as computed
tomography to study specimens of AlSi12.

Ng et al. [70] showed that there is a clear distinction between two types of porosity in
LMD Inconel 718: lack of fusion and gas porosity. Both are the result of different factors
which are mainly linked with the process parameters and the melt pool dynamics, and
it is possible to optimize their presence in low values. It has also been reported [71] that
porosity and irregularities such as molten pool boundary area and columnar structure
could be significantly lowered after hot isostatic pressure and ageing after the SLM process
are applied to Inconel 718 alloy.

Moreover, it is necessary to point out that no defects have been observed in the interface
between the carbon manganese steel and duplex steel FGM when using WAAM and a
complete fusion between the two layers [72]. Nevertheless, Bobbio et al. [73] studied graded
Ti-6Al-4V to Invar FGM using DED AM, observing that this joint contained morphological
defects that included material overflow and macroscopic cracking.

Overall, the main defects detected in conventional processing techniques are also
observed in additive manufacturing-processed components. Nevertheless, some defects of
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AM alloys, may vary in length scale, in comparison to wrought or cast alloys. For instance,
porosity or cracking can be from a micron to millimeter scale and residual stress can be on
the scale of meters [8]. Table 2 summarizes the main advantages and disadvantages of both
DED and PBF AM techniques.

Table 2. Major reported defects of various metallic systems processed by AM.

Material Process Type Defect Reported by

Inconel LMD Gas Porosity [54,64,70]
Stainless Steel SLW, SLM LOF, porosity [23,57,59,74]
CoCrMo alloy PBFAM lack-of-fusion flaws [57]
Ti alloys SLM Flaws [56,58]
Al alloys WAAM Hydrogen porosity, oxides [63,69]
Fe superalloys WAAM, LPBF Brittle phases, microcracks [75,76]

4. Light Metals and Additive Manufacturing

Aluminum and titanium alloys are two of the most-studied light alloys due to their
excellent corrosive properties, offering at the same time lightness and mechanical properties.
Over the last five years, 4.549 articles about titanium in AM were published, according
to Web of Science. However, only 1.389 publications investigated the influence of the
processing AM on the corrosion resistance. On the other hand, 1.141 articles were published
which studied aluminum alloys in AM. Therefore, in this section, general aspects and
problems related to AM-processed Al and Ti alloys will be discussed.

Among the materials that can be used with AM techniques are light metals, including
beryllium, whose usefulness can be exorbitant within the nuclear fusion sector, thanks to
the enormous scope of control provided by AM parameters; however, the main interest
in the use of light metals in additive manufacturing comes from industry, especially the
automotive, aerospace, aeronautics, and medical industries. This is due to the aforemen-
tioned advantages of AM, in addition to the range of possibilities that light metals offer
by allow for better controlling of components weight. However, the use of light metals
must withstand the harsh conditions to which it must be submitted; therefore, they are not
usually used in pure form, but rather as alloys capable of withstanding very severe mechan-
ical loads under critical conditions of pressure, temperature, or corrosive environments,
among others.

Thus, developing additive manufacturing process parameters to successfully print
these alloys can enhance the adoption of AM in different sectors. All current methods of
AM, including but not limited to, laser/electron beam powder beam fusion, blown powder,
wire and arc-related techniques, binder jetting, and friction stir processes are of particular
interest. This review also focuses on light metals developed through novel AM techniques,
which are beyond the current beam technologies.

4.1. Main Process and Associated Problems

Some of the more specific problems for these types of materials when used in AM are
included in Table 3.
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Table 3. Associated problems to MAM and their solutions.

Problem Cause Solution

Refrigeration Materials are not able to withstand
the heat generated during AM.

Add external part that cools the
equipment as an electronic
chassis [77].

Material cost
Lightness of the materials makes it
difficult to measure them accurately
until there are not enough layers.

Creation of different gadgets to
resolve this issue [78].

Abruply
deposition

Control of deposition is not
accurate due to the usually lower
melting point of light metals

Add intermediate piece on which
the molten material accumulates
before being deposited or a first
laser that pre-fuses the
material [79].

4.1.1. Aluminium Alloys

Aluminium alloys are one of the main systems in which AM is used, especially
in the SLM process, and they can be used for a variety of applications, from medical to
aerospace. In the latter case, aerospace-grade aluminium is of great interest and is still under
investigation [80]. However, processing these alloys is challenging due to the difficulties
associated with laser-melting aluminium, where parts may show various types of defects.
In recent times, several studies have developed approaches to avoid these defects and
reported the successful SLM of various Al alloys [81]. For instance, porosity or high surface
roughness, residual stresses, and remaining unmolten powder in the printed parts are some
of the defects formed that affect the corrosion resistance properties of Al alloys [82–84].
There are several parameters that can influence the final printed parts microstructure and
surface roughness, and thus, the corrosion performance. Therefore, post-AM treatments
are applicable to reduce such roughness [85,86]. Another example is the application of
post-processing electro-polishing, shot peening, or mechanical and electro-polishing, which
have shown better corrosion resistance than as-printed parts or sunblasted samples, as
reported by Fathi et al. [87].

On the other hand, the effect of the alloying elements such as Si and Mg in AlSi and Al-
SiMg alloys have shown different corrosion behaviours. Some studies [88,89] have reported
that better corrosion behaviour is found in alloys with a higher amount of Si, in comparison
to the AlSiMg alloys with a higher amount of Mg. This is mostly due to the formation of
Mg2Si precipitates that affect pitting corrosion. However, in the as-built AM components,
the formation of Mg2Si particles have not yet been confirmed. Revilla et al. [20] mentioned
many issues in a detailed review about the corrosion resistance of AM Al alloys and have
suggested further studies about Mg- and Fe-containing precipitates in Al.

Moreover, solution treatments (T6) on as-built SLM AM parts have been performed
in different studies [90,91] to compare the corrosion behaviours within untreated parts. It
has been observed that, after exposure to temperatures between 300 and 550 ◦C for 2 h
and water quenching afterwards, separated Si particles in the matrix resulted in higher
corrosion densities and lower corrosion potentials. The larger the Si precipitates are, the
more restricted is the formation of the compact oxide layer.

A recent review has pointed out the complex and numerous scenarios for cast alu-
minum alloys and the relationship between microstructure and corrosion resistance [92].
Moreover, aluminum alloys exhibit elongated grains that are aligned with the extrusion di-
rection. This radically changes with treatments leading to thioxoformed high-performance
alloy with a regular equiaxial grain microstructure [93].

4.1.2. Titanium Alloys

There are two main reasons why the use of titanium alloys in AM is relevant. The first
is the fact that these alloys are biocompatible; therefore, if there is also the possibility to
create almost any shape adapted to specific needs, this fabrication is essential. On the other
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hand, titanium alloys have seen their activity reduced due to their high cost, meaning that
it is essential to reduce waste, which is another advantage of AM [94]. Therefore, it seems
that the combination of this material with this technique is a great advantage.

In general, it is necessary to properly characterize the mechanical properties of any
material to be used; however, due to the medical use of Ti alloys, it is essential to do so
after the production by AM. The rapid solidification during the AM process leads to the
formation of highly stressed phases, which results in the deterioration of its mechanical
properties and the appearance of corrosion on the parts. In addition, Laquai. et al. detected
small inhomogeneities such as voids or cracks whose sizes are below the spatial resolution
of optical microscopy for Ti-6Al-4V parts produced by selective laser melting [95]. This
issue supports the need to use higher resolution techniques to control AM objects.

Zhang et al. [96] presented an extended review of Ti alloys fabricated by the EBM
process in which several important issues are explained that are related to the problems
within the AM technique, the defects detected afterwards, and the mechanical properties
compared to conventionally fabricated components. However, little information is reported
about the corrosion resistance properties of AM-fabricated Ti alloys. For instance, they
show the results of EBM-fabricated Ti-6Al-4V alloy that exhibits a transformation from the
stable prior β phase to stable α phase. Corrosion resistance enhancing has been observed
after a higher fraction of β phase and refined lamellar α/β phases with different behaviour
compared to traditionally fabricated Ti-6Al-4V alloys [96].

In pure titanium alloys, the microstructure predominately consists of equiaxed prior-β
grains, and a body centered cubic crystal structure. As aluminum and vanadium are
added, the transformed β phase is presented, which is a varierty of α-morphologies such
as widmanstätten; however, vanadium radically alters the microstructure of Ti-Al, since
it predominantly leads to a very fine acicular α phase and some are delineated by an
intergranular β phase [97].

Chiu et al. [98] have compared the corrosion assessment of Ti-6Al-4V alloy that is
conventionally fabricated and a L-PBF build in a body fluid simulation solution. The
results showed similar Ecorr values with a small improvement in the AM-fabricated Ti
alloy. Performing a heat treatment adopted before the final application of the as-built
AM pieces has been seen as a solution to improve corrosion behaviour. It has been found
that the corrosion rate of as-built AM Ti alloys is almost 16 times worse than cold-rolled
Ti components, mainly as a result of the non-equilibrium phases formation during AM
processes. If the heat treatment is carried out properly, this loss of corrosion property can
be reduced or even eliminated. For Ti-6Al-4V alloy produced by the laser-based powder
bed fusion AM technique, the ideal process is a post-annealing heat treatment at 800 ◦C
for 2 h, making it so that the corrosion behaviour of the piece can be comparable to the
commercial sample ones, due to the stress relief of the martensitic phase and formation of
the BCC phase of β Ti-6Al-4V, which has a higher corrosion resistance.

In the case of Ti-Al alloys, there are three major intermetallic compounds, gamma Ti-Al,
alpha 2-Ti 3 Al, and Ti-Al3. Among the three, gamma TiAl has received the most interest
and applications. A particular method of improving the stability of the passive layer is
adding platinum group metals. Therefore, the corrosion resistance increases, and these
alloys are not expected to suffer a relevant corrosive effect, as they increase the corrosion
potential to nobler values. Additions of Pt group metals facilitate cathodic depolarisation
by providing low hydrogen surge sites, which shifts the alloy potentials in the positive
direction, where passivation of the oxide film is possible. Relatively small concentrations
of certain precious metals are sufficient to significantly increase the corrosion resistance of
titanium in reducing acidic media. A very clear example of how this contributes to corrosion
enhancement is in a 25%w HCl solution environment (Figure 4). The addition shifts the
cathodic process in the active region of the single Ti-Al alloy. The cathodic modification of
Ti-Al alloyed with Pt group metals occurred as a result of these metals accumulating on
the surface of the Ti-Al alloys, which simultaneously enhanced the hydrogen evolution
efficiency and inhibited metal dissolution [99].
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Overall, light metallic systems such as Ti and Al alloys are essential in the biomedical
and aeronautical industries. Additively-manufactured components require controlled pro-
cessing in order to avoid non-equilibrium phase precipitation and prevent the decreasing
of corrosion resistance. Further research is required to understand the influence of some
AM processes parameters on the corrosion resistance of Al and Ti components, as well as
their improvement in comparison to conventional processed parts.

5. Duplex Stainless Steels and Additive Manufacturing

DSS are widely investigated due to both their mechanical and corrosive properties,
although only 1.558 articles were published for the last five years considering their process-
ing through AM techniques and their influence on corrosion resistance. Therefore, in this
section, the main features of AM fabrication and problems related to corrosion resistance of
duplex stainless steels (DSS) are presented, these being the most widely fabricated through
AM processes among stainless steel types.

Duplex stainless steels have extensive applications as structural materials in many
industries and different environments, as these steels present both high mechanical and
corrosion resistance properties provided by their dual-phase microstructure (ferrite δ and
austenite γ) [100]. Some of their applications involve chemical, oil, gas, food, and marine
industries, where their good performance and attractive economical cost can substitute
alternative materials such as nickel-based alloys. These steels may present precipitation of
undesired intermetallic phases, carbides, and nitrides at different temperatures. Particularly,
from 600 ◦C to 1000 ◦C, the sigma phase (σ), chi-phase (χ), carbides (M23C6, M7C3), or
nitrides (CrN, Cr2N) can precipitate and deteriorate their mechanical properties as well as
decrease their corrosion resistance [101–103]. Moreover, the intermetallic phases present
higher content in Fe, Cr, and Mo and, thus, can be the main factor responsible for the
decrease in toughness and pitting corrosion. Due to the ferrite-formation elements (Fr, Cr,
and Mo), these secondary phases are considered to precipitate from the ferrite phase and,
in some cases, can lead to its total consumption.

To show the complexity of the microstructure that can appear when processing DSS
by AM, it is worth noting that there is some controversy around the transformation from
delta ferrite during heat treatment after the conventional casting processing which has
been just recently solved [104]. The usual microstructure observed in a typical wrought mi-
crostructure is composed of ferrite (47± 4)% and austenite (53± 4)%. Hot-rolling materials
provided numerous potential void nucleation sites, which accelerated the propagation of
cracks along the ferrite/austenite interface and caused serious cracking [105]. Meanwhile,
the weld material has a typical microstructure of ferrite (42.1 ± 3.0)% and Widmanstätten
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austenite (57.9 ± 3.0)% as reported by Tavares, et al. [106], with massive plates of σ phase
precipitated in the ferrite phase.

Because of the attractive properties of the ferritic-austenitic microstructure, and, there-
fore, the wide range of applications that DSS can perform, industry is increasingly process-
ing DSS through AM techniques. Such processing not only allows for obtaining different
shapes and dense materials, but can also be an alternative process to the conventional tech-
niques. However, some of the main problems with these processing techniques are related
to the precipitation of undesired secondary phases and the balance control of the two main
phases in order to maintain desirable mechanical properties and, more importantly, the
corrosion resistance properties, because of the severe conditions in which they are used. In
order to simulate these conditions, most of the corrosion studies used (mainly polarization
tests) in the literature are carried out under similar conditions; for instance, 3.5 wt% NaCl
solutions at room temperature. Thus, in the following section, the corrosion results are
presented for some typical grades of duplex stainless steels.

5.1. Main AM Processes and Associated Problems

Additively manufactured steels can be more susceptible to corrosion due to several
defects that may occur during processing. Not only the presence of intermetallic phases
but also microstructural defects after the processes such as porosity because of incomplete
fusion between successive molten layers or localized defects can be of importance when con-
sidering the decrease in corrosion resistance. However, in some cases, for example during
SLM processing, porosity is highly improved [107,108]. A refined grained microstructure
can be achieved and, thus, pitting corrosion resistance is increased. In addition, a higher
number of grain boundaries promotes the diffusion of elements which could form stable
passive films. Research has shown that different AM stainless steels perform better with
regards to corrosion resistance than the same wrought stainless steels. Moreover, as seen
above, most of the AM processes for stainless steels require controlled cooling rates and
heat treatments in order to obtain an optimal microstructure and balanced austenite-ferrite
ratio to maintain the desirable corrosion resistance properties. The general behavior and
pitting corrosion resistance of some common duplex stainless-steel grades after being AM
processed are discussed in the following.

5.1.1. Wire Arc Additive Manufacturing Processes

One of the most-used AM processes with DSS is the wire arc additive manufactur-
ing process (WAAM), which is a direct energy deposition process, where filler wire and
arc are the heating source. This process is cheaper and more readily implemented in
industries, as well as enabling higher productivity. However, as mentioned above, one
of the main problems associated with its performance is the maintaining of an optimal
dual ferritic-austenitic microstructure. Because of the continuous reheating process by
forming consecutive layers, it is of great importance to control the heat input, the interpass
temperatures, and the high cooling rates in order to avoid undesired intermetallic phases
and to maintain the balance between ferrite and austenite.

There are several studies describing the material properties and process effects such as
temperature on phase precipitation, performance, and phase balance in DSS [41,109–113]
after WAAM. For instance, Eriksson et al. [109] studied the effect of heat input on the
mechanical properties of superduplex stainless steel UNS S32507, considering that harmful
secondary phases could be formed during the process. They have shown that the base
metal consisted of 48 vol% ferrite and 52 vol% austenite; however, during welding, the
microstructure transforms to ferrite. Moreover, the precipitation of austenite from ferrite
during cooling depends exclusively on the cool rate. The heat-affected zone showed a
higher content of ferrite than the welded zone, between 49 vol% and 56 vol%, depending on
the heat input. In addition, the highest content of ferrite was found in the top layer, as there
was no subsequent layer, thus no reheating. By taking care of the heat deposition and of
the cooling rate, a promising microstructure without sigma secondary phase precipitation
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and enhanced mechanical properties can be achieved. Later, Lervåg et al. [111] showed
the precipitation of chromium nitrides, CrN, mainly in the HAZ rather than in the base
material (BM) in the same superduplex stainless steel UNS S32507, as seen in Figure 5. Such
precipitation is found in the ferrite phase after the rapid cooling from high temperatures,
due to the supersaturation of nitrogen in the ferrite. Thus, chromium nitrides were not
found in the built walls after WAAM, due to the lower content of ferrite phase. The formed
layers of the material were obtained through the Cold Metal Transfer (CMT) process-based
WAAM technique under different heat inputs in the range of 0.40–0.87 kJ/mm and the
absence of intermetallic phases at low heat input was reported. The lower heat input is due
to the reciprocating motions of the filler wire and the short-circuiting mode of the material,
which produce reduced sputter in comparison to the conventional arc mode [101].
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Hejripour et al. [112] demonstrated that a controlled cooling rate promotes austenite
formation in ferrite matrix and prevents the formation of intermetallic phases during the
process of building two different parts of 2209 DSS using the WAAM process. However,
due to the complex thermal cycles and cooling rates, the ferrite content after the process
showed a lower quantity in comparison to the same material processed by the conventional
technique. Due to the required high cooling rate in the first layer (shorter distance between
substrate and layer), a finer microstructure was obtained. The sigma phase and other dele-
terious intermetallic phases were not noticed in the microstructure and the ferrite content
in the WAAM parts was lower than in the base metal produced by conventional methods.

Posch et al. [114] have shown the successful application of the CMT-WAAM (Cold
Metal Transfer-WAAM) process to build blade-shaped geometry by a robot layer-by-
layer using 2209 duplex stainless steel filler wire. No porosity, and non-harmful phases
were detected in the transition microstructure of two scams, and a δ-ferrite content of
26 vol%–29 vol% was found by EBSD analyses. Therefore, the microstructure of the addi-
tively manufactured DSS is comparable to conventional GMAW DSS weld metals. The
EBSD phase mapped the ferrite (δ)/austenite (γ) microstructure of the material after the
process without any further heat treatment.

The flux-cored WAAM (FCWAAM) process is another technique to produce DSS
weld metal, consisting of flux-cored wire instead of solid wires. Hence, there is more
adjustability in the wire composition in order to better control the obtained microstructure
of the fabricated material. Zhang et al. [115] have also found an excessive austenite content
(around 74% average ratio) in a DSS component, using commercial 2009 DSS welding wire
as filling material in the Flux-cored WAAM process. Although the mechanical properties of
the obtained component were desirable, there was a difference in properties in the bottom
and top layers in the horizontal direction. Therefore, efforts must be made to promote a
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balanced ferrite (δ)/austenite (γ) microstructure. For instance, authors have made heat
treatments afterwards at 1250 ◦C and 1300 ◦C in order to achieve an approximately equal
ratio of both austenite and ferrite phases, obtaining promising pitting corrosion resistance
which is comparable to a hot-rolled 2205 DSS plate. Another alternative that allowed
researches to modify the austenite ratio was developing specific wires for the WAAM
process of DSS by altering the composition of the flux in the flux-cored wire. For example,
Cr content was higher and Ni content was lower in the new FCWAAM DSS components in
comparison to the commercial welding wire.

Later, Zhang et al. [116] showed, in another investigation, the satisfying pitting corro-
sion resistance of heat-treated WAAM DSS components, comparable to as-built WAAM
DSS and hot-rolled 2205 DSS. The recommended post-AM heat treatment temperature
for WAAM DSS was 1300 ◦C. In addition, the corrosion behavior of the as-built compo-
nents was worse than the hot-rolled 2205 DSS, because of the different austenite ratio and
chromium nitrides (Cr2N) and a chemically different composition of austenite, the as-
known secondary austenite (γ2) were detected. The lack of chromium nitrides after WAAM
DSS were heat treated at 1250 ◦C and 1300◦ showed desirable pitting corrosion resistance.

Tavares et al. [117] reported results on the corrosion behavior of superduplex stainless
steel 2705. Similar to a 2205 duplex stainless steel, a balanced microstructure was crucial for
preventing pitting decrease. For instance, PREN over 40 was verified by Rajesh et al. [118]
for a SDSS 2594 after WAAM process, showing the similar behavior of three different
parts of the material, the base metal, middle part, and top layer, and their better pitting
corrosion resistance in comparison to the same composition wrought alloy. The obtained
microstructure showed no traces of intermetallic phases, which was reflected in the excellent
pitting corrosion properties. Moreover, the similar corrosion behavior of three different
parts in the wall layers showed a homogeneous microstructure after the process. However,
some transients in current, indicating the occurrence of repassivating pitting events, were
observed. Such transient pitting coincides with the middle layer, which is expected to have
the higher load of defects. Defects such as LOF, porosity, or residual stresses may influence
the corrosion resistance of the material; thus, the optimization of the layer deposition in
addition to the control of the intermetallic phase formation is of crucial importance.

Overall, it could be summarized that WAAM processes are based on a deposition of
subsequent layers and, thus, continuous heating occurs during the process, requiring extra
high cooling rates because of the dissipation of the heat along and perpendicularly to the
deposition direction [118,119]. On the contrary, when slower cooling rates are performed,
there is enough time for the transformation of ferrite to austenite, leading to an excessive
austenite ratio in the final layers. Obtaining a balanced austenite/ferrite microstructure is
still a challenge in comparison to other processes. There are alternative techniques such as
CMT-WAAM processes or the flux-cored wire used of FC-WAAM and, due to the lower
heat input or flux-cored wires, the excessive austenite ratio could be modified. Moreover,
post-heat treatments are mostly required.

5.1.2. Selective Laser Melting Processes

Selective laser melting (SLM) is another of the powder bed fusion techniques that are
widely used as AM processing for duplex stainless steels. After SLM processing, the as-
built microstructure of DSS is almost ferritic. Consequently, solution annealing is required
afterwards for achieving a balanced ferrite/austenite microstructure [120,121]. On the other
hand, due to temperature changes, resulting from the fast-thermal heating and cooling
cycles, a high number of residual stresses appear in the as-built microstructure during and
after SLM processing. Such residual stresses can be removed during the post-annealing
treatment or by reducing their presence by decreasing the temperature gradient at the
initial point of the process by preheating the building platform [122].

Several authors have shown microstructural features that manifest the importance
of the heat-annealing treatment after applying SLM. Papula et al. [122] determined that,
to obtain a ferrite-austenite microstructure, 2205 DSS had to be solution-annealed from
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950 ◦C to 1100 ◦C after the SLM process. In addition, the as-built SLM-processed material
presented an almost fully ferritic microstructure (99%) and, after the corresponding heat
treatment, 40–46% of austenitic content was reached. The as-built SLM-processed material
was mainly formed of ferrite phase, whereas heat-treated samples for different times
showed an austenite phase increment up to 46%.

Shang et al. [123] observed, using EBSD, that secondary phases, such as sigma, were
precipitated after SLM processing on 2707 HDSS. However, after the same processing
and additional solution annealing treatments, at different temperatures, it gave place to a
balanced ferrite-austenite microstructure. Characterization after solution annealing showed
that the temperature must be carefully selected, as the sigma phase was still detected and
mostly austenite phase was present in the microstructure. The corrosion behavior was
evaluated and a particular ratio of α to γ showed better corrosion resistance. Therefore,
phase arrangement is responsible for the higher pitting resistance compared to the other
samples wherein which the precipitation of intermetallic sigma phase has occurred. Thus,
the content of ferrite phase/vol.% was varied. σ phase is mainly found at α/α, α/γ,
and γ/γ, and it may have led to depleted Cr areas at such phase boundaries, which
further resulted in decreased pitting resistance. On the other hand, passive films were
also investigated and showed better stability within the increase in grain boundaries due
to the grain refinement. Thus, an improved passive film is formed due to the improved
chromium distribution [124].

Davidson et al. [125] reported a high content of ferrite phase in a 2705 SDSS after the
SLM process with some chromium nitrides. However, after a heat treatment, the ratio
changed again. The high cooling rate after the process mainly restricts the austenite phase
nucleation and an almost fully ferrite microstructure is observed in the as-built material.
After a suitable heat treatment, a balanced austenite-ferrite microstructure is obtained, as
was also seen by Hengsback et al. [126] for 1803 DSS material after the SLM process.

Table 4 shows a summary of different duplex stainless steel grades processed by
WAAM and SLM processes, the post-AM heat treatments applied, and the pitting corro-
sion potential.

Table 4. Different DSS types processed by AM and post-AM heat treatments revealing critical issues
related to the corrosion behaviour.

Material Main
Process

Solution
Annealing [◦C]

Qualitative Corrosion
Aspects Reference

2205 DSS WAAM 1250–1350

Balanced ratio
ferrite-austenite; improved
pitting corrosion resistance
after 1300 ◦C heat treatment

[116]

2594 SDSS WAAM -

Stable micropits in the
middle part without
decreasing corrosion
resistance

[118]

2205 DSS SLM 950–1100 Improved pitting resistance
after heat treatments [122]

2707 HDSS SLM 1050–1200

Balanced ratio
ferrite-austenite; higher
pitting corrosion resistance
after solution annealing

[123]

In conclusion, additive manufacturing processes are a promising alternative method to
fabricate duplex stainless steels, especially when complex and irregular shapes are required
in addition to the density of the materials, in comparison to the conventional techniques.
However, high cooling rates and control during the processes are of extreme importance in
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order to avoid the formation of deleterious secondary phases that can affect mechanical
and corrosion resistance properties.

On the other hand, it is crucial to maintain the balanced ferrite/austenite microstruc-
ture. Hence, most of the reviewed investigations have tried to modify the ratio of austenite
by combining WAAM with other process, for instance, using cold wire feed [119] or using
heat treatments after the AM process [127,128]. The high cooling rates and, most of the
time, additional treatments are crucial; for instance, post-AM heat treatments are required
to balance the austenite/ferrite ratio and maintain a desirable pitting corrosion resistance
of duplex stainless steels.

AM processes such as SLM or EBM present some undesirable effects or limitations.
The latest research is looking further into WAAM processes and their relationship to
corrosion resistance [129], as well as new and recently-developed µ-plasma arc additive
manufacturing process, which are quite promising [130].

Finally, AM is still an emergent manufacturing concept with many parameters in
consideration to obtain the “perfect” component. However, attending the latest 2022 trends,
there is a new concept in discussion related to the corrosion proofing of AM alloy parts.
For instance, the low-temperature infusion of interstitial solute, exemplified for a high-
entropy alloy (Alloy 22) to simulate thermochemical treatment, has been discussed by
Illing et al. [131]. The post-processing of these parts is carried out through a newly devel-
oped process of LTNC-SRP (low-temperature nitrocarburization by solid-reagent pyrolysis).
Future research should focus on the definition of proper corrosion tests to characterize the
strong relationship between complex AM microstructures and corrosion resistance with
accuracy. It should take into consideration the role of each defect, since each defect could
create local electrochemical conditions leading to local corrosion cells. In respect, there
should be a normal standard for these types of materials as they are processed by AM.
In order to assess and develop apropiate testing for qualification purposes, it is critical
to understand the long-term performance of AM materials in different corosion environ-
ments and correlate them to the short-term laboratory studies, which is also discussed in
reference [7].

6. Conclusions

Additive manufacturing is an attractive alternative manufacturing technique for
metallic components. AM allows for the fabrication of dense materials with complex
shapes and comparable properties to the same conventionally manufactured materials.
In this review, different AM processes, the most commonly occurring defects, and the
corrosion resistance of light metals, duplex stainless steels, and other metallic materials
obtained by different AM processes have been analyzed.

It has been reported by many researchers that light metals such as Ti and Al alloys may
present some problems during the AM process, and are mainly related to the processing
temperature that drives the formation of different intermetallic phases or oxides that could
act as defect nucleation site with their impact on corrosion behavior. It is necessary to
point out that more studies on the corrosion behavior of AM, in particular SLM-produced
materials, are needed to understand the corrosion resistance of the AM-produced parts
related to AM biomedical Ti alloys.

The results of adding Pt group metals to other metallic systems, with the improvement
in their corrosion resistance, gives some interesting expectations to enhance the corrosion
properties of other composites, even in switching to the AM technique.

Phase precipitation is one of the main problems related to the AM techniques for
duplex stainless steels. Moreover, it is the maintenance of the dual phase microstructure that
is of crucial importance in order to provide comparable mechanical and corrosion resistance
properties to the conventionally fabricated materials. It has been found in the literature
that AM could be a successful and powerful process with regards to pitting corrosion
resistance properties, whenever austenite/ferrite ratio is maintained. With most of the AM
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processes, the as-built DSS components showed an almost fully ferrite microstructure and,
thus, post-AM heat treatments are required to balance the austenite ratio.

Corrosion testing of AM components must take into account the high degree of
anisotropy of all kinds of defects, which may appear in such objects, depending on the kind
of process. When planning corrosion tests, the correct grinding and polishing procedures
(allowing no modification of morphology or size of the defects, especially for surface
porosity), the surface after post-processing (if applicable), the bulk material—tested surface
perpendicular to the build direction (depth is relevant), and bulk material—tested surface
parallel to the build direction must be considered. Not all of these test variables will be
relevant for the corrosion susceptibility under service conditions; however, they may yield
valuable information on the kind and distribution of defects on and in the AM material.

Finally, it must be pointed out that a real effort should be undergone to further
investigate the corrosion behavior of metal additive manufacturing alloys, since there is
not much literature that has studied it. For the last seven years, from 2015 to 2022, there
have been more than 20,000 published studies that consider additively manufactured
metallic systems. The majority of these studies are related to mechanical properties, mainly
fatigue behavior and dimensional issues of the components. The existence of alternative
methods to analyze corrosion behavior as LRP could be the beginning of understanding
the interrelation between manufacture variables, as well as the impacts of microstructure
and corrosion resistance. Carrying out the right actions to improve corrosion behavior and
preventing its decrease is crucial to avoid undesirable situations.
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Glossary

Abbreviation Item
AM Additive Manufacturing
BM Base Metal
CMT Cold Metal Transfer
CNC Computer Numerical Control
CT Computed Tomography
DED Direct Energy Deposition
DLD Direct Laser Deposition
DSS Duplex Stainless Steels
EBM Electron Beam Melting
EBSD Electron Backscatter Diffraction
FC Flux-Cored
FGM Functionally Graded Materials
GMAW Gas Metal Arc Welding
GP Gas Porosity
HAZ Heat-Affected Zone
HDSS Hyperduplex Stainless Steels
HIP Hot Isostatic Pressing
LMD Laser Metal Deposition
LOF Lack-of-Fusion
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LTNC-SRP Low temperature nitrocarburization by solidreagent pyrolisis
MAM Metal additive manufacturing
MPB Melt Pool Border
MPZ Melt Pool Zone
NAB Nickel-Aluminium-Bronze alloys
PBF Powder Bed Fusion
PBFAM Powder bed fusion additive manufacturing
SDSS Superduplex Stainless Steels
SLM Selective Laser Melting
SLS Selective Laser Sintering
VSCE Electrode potential measured versus Saturated Calomel Electrode
WAAM Wire Arc Additive Manufacturing
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