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Abstract: Nowadays, the use of metal processing additive technologies is a rapidly growing field in
the manufacturing industry. These technologies, such as metal 3D printing (also known as additive
manufacturing) and laser cladding, allow for the production of complex geometries and intricate
designs that would be impossible with traditional manufacturing methods. They also offer the ability
to create parts with customized properties, such as improved strength, wear resistance, and corrosion
resistance. In other words, these technologies have the potential to revolutionize the way we design
and produce products, reducing costs and increasing efficiency to improve product quality and
functionality. One of the significant advantages of these metal processing additive technologies is a
reduction in waste and environmental impact. However, there are also some challenges associated
with these technologies. One of the main challenges is the cost of equipment and materials, which
can be prohibitively expensive for small businesses and individuals. Additionally, the quality of parts
produced with these technologies can be affected by factors such as printing speed, temperature,
and post-processing methods. This review article aims to contribute to a deep understanding of
the processing, properties, and applications of ferrous and non-ferrous alloys in the context of SLM
to assist readers in obtaining high-quality AM components. Simultaneously, it emphasizes the
importance of further research, optimization, and cost-effective approaches to promote the broader
adoption of SLM technology in the industry.

Keywords: 3D additive manufacturing; selective laser melting (SLM); metallic alloys; ferrous and
non-ferrous alloys

1. Introduction

In the last decade, one of the most critical advances in industrial research is the
development of new manufacturing technologies for producing lightweight, sustainable
components that prioritize low waste, weight reduction, and proper design concepts [1-3].
Although cutting-edge high-strength structures and metallic alloy materials have made
significant progress for use in core domains such as heavy automobiles (tractors and high-
speed car bodies) [4-6], aviation (aerospace structural applications) [7-9], the marine sector
(ship propellers and turbine parts) [10-13], building construction (structural components
such as non-joint large beams, without support shafts, pillars) [14-17], and medical devices
and bio-metallics (artificial parts such as the knee, hip cupping, and elbow joint) [18-28]
there is still a need to explore more efficient and effective manufacturing methods. The use
of 3D additive manufacturing processes is suitable for processing various materials [29-31].

Among these, selective laser melting (SLM) stands out for its exceptional versatility, the
wide range of materials used, and the high density of the parts produced (close to 100%).
This technology fulfills the stringent criteria set by today’s standards, including waste
reduction and environmental sustainability, while delivering exceptional accuracy and
quality. The economic importance of saving fuels and promoting green energy adoption
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has garnered attention from academic researchers and industry professionals, leading to
the widespread adoption of SLM technology in numerous countries.

To date, SLM is used to deposit a wide variety of metal alloys, such as aluminum
alloys, magnesium alloys, titanium alloys, steel, etc. Generally, due to their low density
and high strength /weight ratio, aluminum alloys are used for all those applications where
weight reduction is essential. The existing literature highlights numerous mechanical
advantages of using Al-Mg-based alloys in SLM compared with their wrought counter-
parts. These advantages include higher damping [32-34], increased strength [35], superior
corrosion resistance [36,37], and improved creep resistance [38-40]. However, alongside
these benefits, there are a few drawbacks to consider when using Al alloys in SLM. These
drawbacks include the presence of pinholes, susceptibility to hot cracking, and potential
influences on chemical composition.

Other studies have indicated a notable interest in SLM-processed aluminum, steel, and
titanium alloy processing due to their ability to encompass various structural and mechani-
cal characteristics [41], such as tensile strength, hardness, and impact energy. Furthermore,
utilizing lattice structures in SLM processing enables the fulfillment of weight-ratio re-
quirements, further improving the application of steel and titanium alloys [41-45]. These
alloys have extensive applications in the aerospace and biomedical industries [46]. Also,
the Ti alloys are used in various constructions and structural applications to replace solid
parts using SLM-processed components with appropriate lattice structures [47,48]. Despite
the notable drawbacks of higher cost and limited usability in biomedical applications,
addressing the efficiency and sustainability of the components’ performance and properties
can effectively mitigate cost concerns and ultimately enhance overall cost-effectiveness.

In the competition among materials for additive manufacturing (AM) using 3D
melting-based processes, steel alloys have emerged as strong contenders due to their
mechanical and metallurgical properties, which are relatively similar to titanium alloys.
A significant advantage of steel alloys is their lower cost compared to titanium alloys, al-
though they are slightly more expensive than aluminum alloys. However, steel alloys suffer
from certain drawbacks, namely anisotropy, surface roughness, and porosity, which must
be addressed and improved for optimal performance in AM applications. Applications
and comparisons among aluminum, steel, and titanium alloys are shown in Table 1.

Aluminum, titanium, and steel alloys play a crucial role in the global manufacturing
industries due to their wide range of applications [46,49-51]. G. Victor showed that steel
alloys are extensively used in aerospace and aircraft manufacturing, comprising 6-8% in
the Airbus A380 and Boeing 787 and approximately 10-12% in other parts [51]. However,
aluminum and titanium alloys also have wide-ranging applications in various sectors.
These alloys are employed in various industries such as automotive, marine, oil and gas
industries, aerospace [52-54], missile manufacturing [54-56], marine (structural) applica-
tions [57,58], and heat exchangers [54-62]. With respect to aluminum alloys, the titanium
alloys are characterized by higher corrosion and mechanical properties and by a better
density ratio [57,63-66].

One key factor hindering extensive research in SLM applications for metals is the high
cost associated with equipment. However, considering the promising outcomes of the
SLM process, it is essential to overcome these cost-related challenges to encourage more
comprehensive exploration and development in this field. The SLM literature has seen
significant quantitative work published in various journals in the last ten years. For instance,
analyzed the microstructural and mechanical characteristics of A1Si10Mg alloys produced
through SLM. similarly explored these alloys—such as argon and nitrogen—in diverse
environments, aiming to comprehend the tensile properties of the produced components.
studied the corrosion properties of AlSil0Mg alloys, employing equal channel angular
processing techniques exclusively within the SLM manufacturing approach. In another
study, utilized the pulsed-SLM process to examine AlSi10Mg alloys, shedding light on their
microstructural and mechanical attributes, along with investigating the impact of laser
density [67-70].
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In recent years, there has been a dramatic increase in approved investments by govern-
ments and their respective departments worldwide to actively promote additive manufac-
turing for the 3D printing process. The European Union (EU) is a major proponent of this
technology [71-75]. Indeed, the manufacturing goods sector receives an impressive annual
budget of €421 billion [76-78]. The EU has established itself as a leading global platform
for the manufacturing sector, particularly in Industry 4.0 and 5.0, encompassing the latest
advancements in additive manufacturing, especially the lightweight sustainable structure
of the components [79-81].

Moreover, worldwide initiatives focus on reducing CO, emissions and promoting
green innovation, with manufacturing sectors leading in achieving these goals. This in-
volves leveraging technologies such as robotics [82,83], artificial intelligence [84,85], high-
performance computing programming [86,87], simulations, and 3D—-4D printing [88-90],
among others. These efforts aim to drive efficient outcomes and pave the way for sustainable
manufacturing practices.

This review paper provides a comprehensive overview of the SLM process for ma-
chining ferrous and non-ferrous alloys. More specifically, the principal results related to
process parameters, mechanical properties, microstructural properties, corrosion analysis,
and mathematical modeling are reported to provide an overview of the achievements and,
simultaneously, to focus on what needs improvement.

Figure 1 provides an overview of the objectives of this study, which are presented in
distinct circles. The first circle concerns the technology under study, particularly the SLM
process. The second circle highlights the study’s focus on specific metals and alloys. Finally,
the third and fourth circles encompass the entire review content, capturing all the relevant
aspects discussed in the study.
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Figure 1. Schematic of the objectives of this review.
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Table 1. The advantages and applications of the aluminum, steel, and titanium alloys.

Alloys AM Process Area of Applications Limitations Advantages Comments Ref.
Thermal insulation, Aircraft
wings,
Weapon manufacturing,
Electrical appliance, Shock
3D SLM process, damping/Absorption,
building direction can be Storage tanks, - .
Alumi mod;éﬁed as per the Acoustic al;gsorption, Gas Need additional tlmg to
uminum . . . . manufacture supporting [5,6,54,91-93]
consideration of the turbine engine components, tructure
most appropriate Catalyst support, -Limitations of Material structure.
strategy Automotive applications, selection under the SLM Fasv to deform with
and Biomedical implants, process. b y .
o etter density. Number
Structural, -Cost is higher. of part reduction. Cost
Robotics, -Balling effect during the I;e duction for ’;he
Engine blocks process. casy-to-make complex
Pump casings, -Vertical building is v, Latti
3D SLM process, Heat exchanger, Valves stronger than the geome r.y'h a d ¢
building parts can be impellers, Biomedical horizontal part. str;g tlgéf/w}t thre t 11C11ng
Steel modified as per the implantation, -Powder is costly. wei _h t 0‘; (c)om eor01e?1 ts [37,52,94-96]
consideration of the Gears, -Process parameters need & P ’
scanning scheme Engine parts, more trial experiments.
Aviation industries,
3D SLM process,
Manufacturing parts, Biomedical implant, Space
and Process parameters crafts, Automotive,
Titanium

can vary as per the
systematically
articulated suitable
parameters

High-speed cars, Structural,
Electronics,
Robotics,

[43,46,53,97-101]
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Historical Background of Metal AM Technologies

Additive manufacturing has had a long journey to develop better-quality prod-
ucts from various methods and techniques. Stereolithography (SLA) [102,103], electron
beam melting (EBM) [104-106], direct metal laser sintering (DMLS) [107,108], selective
laser melting [109,110], selective laser sintering [111,112], fused deposition modelling
(FDM) [113,114], and 3-dimensional rapid prototyping technology (3D-RPT) [115,116] be-
long to additive manufacturing techniques [117]. Compared to alternative 3D additive man-
ufacturing processes, SLM offers advantages in ease of implementation, cost-effectiveness,
and reduced production time.

The first patent filed by Carl R. Deckard in 1986, followed by two others later, ex-
plained what is now known as selective laser melting/sintering (SLM/S) [118,119]. Also,
in his first patent, C.R. Deckard explains that this method is very advantageous for metals,
polymers, and ceramics in powder form [120-122]. The SLM process is well-suited for
producing complex geometries and offers several advantages. However, it is crucial to
consider various factors that can significantly influence the mechanical and microstructural
properties of the processed alloy powder. These factors can be categorized into two main
groups: those necessary to meet the requirements of the specific machine being used and
those related to the selection and optimization of process parameters [123,124]. Improper
selection or optimization of process parameters can lead to various issues in the SLM
process. These issues include the formation of cracks, unmelted powder particles, powder
segregation [125-127], and the formation of pores in the final parts [128,129]. These defects
can harm the mechanical integrity and quality of the produced components. In addi-
tion to process parameters, implementing suitable thermal cycles, such as pre-annealing,
post-heating, and aging, has been explored to enhance the properties of SLM further pro-
cessed parts. These thermal treatments can help alleviate residual stresses, improve the
microstructure, and enhance the mechanical properties of the final components [130,131].

Moreover, SLM has proved particularly suitable in medical and bioengineering, sup-
plying the opportunity to customize body parts. Most of the produced parts belong to
orthopedic surgery, such as the inter-body fusion cage [132-134], scapula prosthesis [91,135],
hip prosthesis [136-141], cranial prosthesis [141-143], knee—arms prosthesis [24,144,145],
acetabular cup [146-148], and dental implant [149-154]. SLM can form these real-time func-
tional parts by adjusting all the necessary parameters and properties to be safe and lasting
for the human body, avoiding the risk of repeated surgeries. Many doctors, researchers,
and scientists have been devoted to improving artificial parts” properties and their mutual
correlation with the human body [155].

The literature review of the past decade reveals that there have been over 10,000 articles
published in respective journals, as evidenced by data from the Web of Science. These
articles encompass a wide range of quantitative research, including reviews, research pa-
pers, chapters, and patents, all focused on SLM. Figure 2 displays the publication trends
of articles on aluminum, steel, and titanium alloys specifically in the last ten years and
the cumulative articles related to manufacturing and AM-based research from 1988 to
2022, covering 35 years. The data obtained from a Web of Science search indicate that
approximately 9,500 articles have been published on SLM during this period. The data
shown in Figure 2 indicate significant growth, particularly in the last three or four years,
reflecting a growing interest and increased research activity in this area. This upward trend
suggests the potential for surpassing the previous records of additive manufacturing (AM).
Many research groups around the world are focused on the AM technique. In the European
Union, most industries have partnered with research organizations focused on new ad-
vanced and sustainable techniques to make additive manufacturing autonomous without
resorting to time- and cost-consuming machining or welding (metal joining) methods.
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Figure 2. Publications on AM employing various alloys over the preceding decades (source of data:
Web of Science, 23 July 2023).

2. Selective Laser Melting Process and Powder

Generally, the SLM process focuses on low-temperature melting materials to achieve
better surface quality and near-to-net shape of the desired component [156,157]. Recent
research highlights how SLM technology can produce extremely smooth surfaces and
complex structures in titanium and steel alloys [94,95].

However, it is necessary to understand laser-powder interactions at low laser energy
ranges to process metal materials with SLM processing.

Naveed Ahmed asserts that the SLM process effectively overcomes some of the lim-
itations associated with the use of metal powders during component production [158].
However, the main challenges in this process arise during the transition from the liquid
phase to solidification, where rapid cooling and the potential formation of brittle inter-
metallic compounds occur. These factors can contribute to the appearance of cracks and
various defects in the final product [159-161].

Significant efforts are being made to improve components” mechanical and metallur-
gical properties through the SLM manufacturing of hybrid structures. It involves using
different powder compositions to achieve the desired results. Combining multiple materials
with different properties allows you to create hybrid components with superior charac-
teristics compared to those made with a single material. However, in these cases, it is of
fundamental importance to have an in-depth knowledge of the behavior and characteristics
of the powders used, as well as to comply with the standards and references established
when mixing the compositions.

Each metal powder has its own time transition period from the liquid to the solid
phase. Therefore, compatibility and proper mixing of powder compositions must be care-
fully verified and validated to ensure success in manufacturing components with optimal
mechanical properties. It is important to note that issues such as powder segregation or void
spaces between particles can cause significant defects in the final components [162,163].

Figure 3 shows the various factors that impact the quality of products processed by
SLM. These factors include [164,165]:

- Requirements of powder material properties, such as size, shape, composition, and
melting range;

- Machine parameters, including inert gas atmosphere, chamber temperature, axis
configuration, and initial laser heat time;
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- Laser and scanning parameters such as scan speed, hatching time, spacing, spot size,
and layer thickness significantly influence the machine’s operation;

- Pre- and post-processing methods include preheating and residual stress-relieving
techniques;

- The knowledge and experience of the operator;

- The interconnection between powder and temperature. Inappropriate matching
of a low-melting powder with a high operating temperature can lead to improper
execution of desired commands.
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Figure 3. Fishbone diagram illustrating the causal factors and their effects on the quality of compo-
nents manufactured through SLM.

Therefore, understanding and appropriately controlling these factors are essential for
achieving the desired outcomes in the SLM process. Today, approaches such as the Taguchi
method, response surface methodology (RSM), and trial-and-error methods help optimize
process parameters and better understand the factors that influence the production of
components with desired properties [166,167].

The Taguchi method is a design strategy that allows you to identify and optimize the
most significant process factors, minimizing the effect of unwanted variations. Response
surface methodology, on the other hand, is a statistical technique that helps understand
the relationship between process factors and desired responses, allowing the optimal
combination of parameters to be found. Furthermore, trial-and-error methods have proved
invaluable in understanding the causal factors affecting the manufacturing process. Process
parameters can be fine-tuned through iteration, result analysis, and targeted modifications
to improve the final components’ properties.

2.1. Procedure Description

The SLM can form solid and hollow models or prototypes with complex geometry,
metallic and non-metallic, with different lattice structures. Currently, the focus on mod-
ifying machine characteristics and parameters is very high in the field of SLM. Previous
literature indicates that some companies producing such equipment managed to meet the
desired requirements of users. These changes aim to improve the machines’ functionality
and performance to meet user expectations better. The SLM machine is schematically
represented in Figure 4. A layer of powder with a thickness of approximately 20-100 pm
is deposited onto a build platform using a recoater with a ceramic, steel, or rubber blade,
depending on the powder type and the manufactured component [168]. The fusion of
the powders is achieved using a high-power laser beam guided in the x—y direction by
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appropriate galvanometric mirrors. Most SLM systems currently available on the market
are equipped with active fiber laser sources that emit laser radiation in the near-infrared
(approximately 1 pm), typically in a continuous wave mode. Two main techniques are used
for powder melting: continuous and modulated laser scanning. The laser energy is contin-
uously released in the first case, while sequential exposures are used in the second case.
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Chamber,

Laser Transfer

Selection of desired fi of the metal powder

Selection and setting the parameters of the SLM

High — Temperature —
Resistance
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Figure 4. Complete SLM process: (a) schematization of the laser layering process using a laser beam
and (b) steps from software analysis to component completion.

In the SLM process, laser powers generally range from >50 W to 400 W, with the peak
power reaching 1 kW. The spot size varies between 50 um and 200 pm depending on the
process conditions. After completing each layer, the build platform is lowered to allow
the deposition of the next powder layer. At the end of the process, the unfused powder is
removed from the component and reused in subsequent jobs. SLM technology involves
using supports to sustain the component during its fabrication. These supports must be
removed at the end of the process to avoid damaging the surface. One crucial factor to
consider during the SLM process is the oxygen gas in the chamber. Oxidation can occur
when oxygen reacts with the powder particles, potentially altering the material properties.
To inhibit oxidation, numerous contemporary SLM machines incorporate CO,, argon, and
nitrogen gases within the chamber during processing to establish a controlled environment
devoid of oxygen. This vacuum environment helps to prevent oxidation and maintain the
integrity of the materials being processed [165,169]. However, it is important to note that
the influence of oxygen on materials can be complex and material-dependent. In some
cases, oxygen may act as a surface tension reducer, benefiting certain materials and specific
applications [170,171].

The simple strategic steps for this process are shown in Figure 4b. In research and
design (R & D), advanced software tools such as FEM, Ansys, Matlab, and various design
software, including AutoCAD, ProE, SolidWorks, and Catia, are utilized to pre-analyze
data and values. These software applications enable the generation of digital models and
facilitate the design of components, which are then converted into the widely used STL
(standard tessellation language) file format.

The much research focuses on the quality of the starting material (metal powders)
and the pre-deposition modifications. Metal powders generally have residual stress that
requires preheating to an annealing temperature consistent with the melting temperature
range. Preheating can be carried out inside the processing chamber to minimize thermal
variations. It helps maintain a thermally stable environment and minimizes temperature
differences between the preheated powders and the deposition area. This strategy helps
ensure the consistency and quality of the merger process [172-174].
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2.2. Process Parameters of SLM

Process parameters are crucial for the successful operation of any automated or manual
machine, which also applies to SLM. So, the parameters used in SLM machines play a
significant role in achieving desired results. Various parameters are involved in the SLM
process, such as laser power, scanning speed, hatch spacing, layer thickness, and powder
bed temperature. These parameters determine the energy input, material deposition rate,
and overall quality of the printed component. Finding the optimal combination of these
parameters is essential for achieving the desired structural integrity, dimensional accuracy,
and surface finish of the 3D-printed part. In addition, the processing parameters used in
the SLM machine play a crucial role in controlling/minimizing undesirable effects such
as oxidation. Several additive manufacturing standards have been established to ensure
consistency and quality in the SLM process. Notable standards include ASTM /ISO 52900,
which provides guidelines for the layer-by-layer deposition of metallic and non-metallic
materials to build 3D components. These standards define testing methods, material
requirements, and best practices to ensure reliable and consistent additive manufacturing
processes. By adhering to these standards and carefully controlling the process parameters,
manufacturers can achieve high-quality and reliable results in SLM, ensuring the production
of functional and durable 3D-printed components [175-177].

3. SLM for Non-Ferrous and Ferrous Alloys

From a metallurgical point of view, AM is exciting because it can significantly influence
the microstructural properties and, consequently, the mechanical properties of metallic
components. AM processes, such as selective laser sintering (SLS), work at the metal pow-
der or filament level and allow to control the distribution of atoms in materials. Moreover,
the high cooling rates during the SLM process (in the order of 10° °C/s up to 10% °C/s) lead
to the formation of very fine microstructures. The solidification process involved in SLM is
like fusion welding. However, the critical difference lies in the composition of the materials
used. In fusion welding, the base metal and filler metal can be similar but not identical.

On the other hand, in the SLM process, the underlying layer and the new layer
of metal powder to be melted have the same composition. Like fusion welding, laser
energy causes partial re-melting of the underlying layer to ensure a solid metallurgical
bond in the SLM process. There is no barrier to nucleation in both fusion welding and
the SLM process, and solidification occurs spontaneously through epitaxial growth. The
growth occurs thanks to the arrangement of the atoms in the liquid phase on the existing
crystalline substrate. After the initiation of the solidification process at the solid-liquid
interface, growth continues towards the center of the melt pool, following two criteria. The
solid grows in the direction of the thermal gradient, i.e., perpendicular to the solid-liquid
interface, as shown in Figure 5.

Atmosphere

Molten Pool

0

\

Metal Substrate

Figure 5. Example of melt pool solidification during the SLM process—Adapted from Ref. [160].
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Moreover, growth occurs along the crystallographic direction that offers the least
resistance. This phenomenon is referred to as preferential growth. The microstructure
obtained through SLM processing is subject to variation based on the laser’s energy density
and the duration of the interaction between the metal powder and the laser beam. These
factors play a role in shaping the geometry of the molten metal pool, ultimately determining
the resulting type of microstructure [160].

Solidification is a function of a temperature gradient expressed as G = dT/dx, where
dT represents the temperature variation along the x direction. The solidification rate is
defined as R = dx/dt, where dx represents the position variation over time t.

The cooling rate is given by dT/dt =G xR, which is the product of the temperature
gradient and the solidification rate. It has been observed that an increase in the ratio
between the temperature gradient and the solidification rate (G/R) influences the type of
solidification, transitioning from dendritic to cellular and finally to planar. On the other
hand, a high cooling rate promotes the formation of smaller grain sizes. The parameters
G/R and G xR, therefore, respectively, control the type of microstructure and the grain size
in the solidified material [178].

Therefore, the microstructural properties of materials, such as grain size, crystal ori-
entation, and the presence of specific phases, can be tuned and controlled much more
precisely through AM. This control of the microstructural properties offers the opportunity
to obtain parts with specific and optimized characteristics for particular applications. For
example, obtaining parts with high strength and hardness or high corrosion resistance is
possible. However, as previously mentioned, it is essential to remember that optimizing
microstructural properties requires a thorough understanding of process parameters, the
alloys used, and the interaction between the manufacturing technology and the material
itself [179-181]. In general, microstructural analysis plays a role of fundamental impor-
tance in the study of SLM parts. Advanced characterization techniques, such as scanning
electron microscopy (SEM), TEM (transmission electron microscopy), and field emission
scanning electron microscopy (FESEM), provide valuable information on the morphology
and structure of grains within SLM parts. The solidification mechanism that characterizes
the SLM process is comparable to that observed in fusion welding. However, there are
some critical differences between the two processes. In fusion welding, the base metal and
filler metal may have similar but not necessarily identical compositions. In the case of SLM,
on the other hand, the underlying layer of molten material and the new layer of metal
powder to be melted have the same composition.

Furthermore, it should be noted that one of the advantages of using the SLM machin-
ing technique to produce parts is the ability to adjust their mechanical properties according
to the desired application. Furthermore, post-processing techniques like heat treatment or
surface finishing may further enhance the mechanical properties of SLM-processed compo-
nents, depending on the specific application requirements. The mechanical properties of
any component serve as evidence of its efficiency and overall quality, going beyond mere
samples produced through SLM machining.

The different mechanical properties of SLM components, such as tensile strength,
elongation, and micro-hardness, and microstructural characteristics, such as grain distribu-
tion and phases formed, play a significant role in the applications of the component. In
turn, these properties and the corrosion behavior of the components are closely related
to the orientation of the material lattices and the process parameters used. At this point,
mathematical simulation modeling proved to be a valid tool for providing the relative
expected results for each modification of the product/component.

The following sections highlight the mechanical, microstructural, and corrosion be-
havior of SLM parts processed with different alloys.
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3.1. SLM Parts in Aluminum Alloys

In the past 10 years, there has been a significant demand for lightweight applications,
leading to the development and processing of several series of aluminum alloys using SLM
technology. Aluminum alloys are particularly suitable for lightweight applications due
to their low density and good mechanical properties. Various series of aluminum alloys
have been processed using SLM, such as the 2xxx, 5xxx, 6xxx, and 7xxx series. These alloys
offer a combination of strength, ductility, and corrosion resistance, making them suitable
for various applications. However, among the Al-5i alloys (6xxx series), the most used by
aerospace industries is the AlSi10Mg alloy.

Table 2 summarizes the process parameters and highlights the strategies used to
process this type of alloy. The existing literature analysis has shown that components
with different mechanical and metallurgical properties are obtained by varying the process
parameters. Moreover, it has been found that to obtain high-performance components,
it is also essential to make an accurate choice on the pre-definition parameters of the
powders, such as the size of the particles, composition, melting temperature range, and
thermal conductivity.

It is easier to build aluminum alloy SLM components using high laser energy. showed
that laser energy mainly influences sample density. Furthermore, the microsecond laser on
the powder particles is part of the primary process parameters to be controlled to obtain
parts with a low percentage of porosity [92,93,182,183]. Most authors perform a preheating
of the component particles, receiving a residual stress-free powder [184]. Conversely, heat
treatments are carried out after deposition in other works, such as annealing and aging.
These post-deposition treatments have resulted in considerable changes in mechanical
properties due to precipitation formation and hardening [185-187].
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Table 2. Process parameters considered by researchers during SLM processing for aluminum alloys.
Laser Beam Laser Power Layer Thickness = Hatch Distance Scan Speed
Powder Diameters y Laser Type P Remarks Ref.
[ W] [um] [um] mm/s
pm]
. Ytterbium fiber laser . o
AlSi10Mg 50-250 100400 40 112 (£ = 1070 nm) 600-1400 Under nitrogen atmosphere % 0.4 O, [188]
. Ytterbium fiber laser Laser linear densities
AlSil0Mg - 240-320 30 80-160 400 W 500-1800 90.64-104.16 J/mm® [189]
. Ytterbium fiber laser 99.9% Argon atmosphere, and
AlSi10Mg 100 370 40 150 400 W 1000-1900 E = 32.5-61.7 | /mm? [190]
. . . . Without preheating treatment on the
AISHOMg +TiB2, - 270 30 110 Ytterbium fiber laser 1600 powder, the hatch angle is [191]
TiC 400 W . o
considered 67
Preheating at 80 °C, the process
AlSi10Mg - 370 30 190 - 1300 under Argon atmosphere, [192]
and 0.1% O,.
. . T6 heat treatment cycle and 520 °C
AlSi10Mg - 291-459 30 43-77 Fiber laser 200 W 1395-2405 for 1 h and 180 °C for 12 h [193]
. g Fiber laser P = 300 g Argon atmosphere flow with oxygen
AlSi10Mg 75 220-280 30 %0 W-A = 1070 nm 800-2000 content < 200 ppm to avoid oxidation [194]
Volume energy density 49-59 J/mm3,
. . Ytterbium-fiber laser argon atmosphere flow with oxygen
AlSi10Mg 370 30 160-180 400 W 1161-573 content < 100 ppm to avoid [195]
oxidation.
Ytterbium-fiber laser Preheating at 160 °C, with
AlSil0Mg - 300 50 150 400 W 200 checkerboard scanning strategy, [196]
basic block supporting structure
Volumetric energy density
32.05-128.21 J/mm?, preheating at
AlSil0Mg - 300-400 30 130 laser power of 400 W 1800 150 °C, argon atmosphere flow with [197]
oxygen content < 500 ppm to avoid
oxidation
AlSi10Mg 80 200-240 30 100 Yb-fiber laser; 400 W 3300-1900 Forming platform temperature [198]

125 °C, energy density 2.0-4.2 J/mm3
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Table 2. Cont.
Laser Beam . .
Powder Diameters Laser Power Layer Thickness = Hatch Distance Laser Type Scan Speed Remarks Ref.
W] [um] [pm] mm/s
[um]
They were constructed at 0°,45°, and
AlSil0Mg - 300 30 150 Yb-fiber laser; 400 W 1700 90° angles, annealing post-heating [199]
treatment of 270 °C for 2 h
AlSil0Mg - 400 30 170 Yb-fiber laser; 400 W 1300 - [200]
Pretreatment at 60 °C for 3 h,
nitrogen chamber with O, content
. " . (0.1 vol.%) and energy density
AlSi10Mg 55 175 20-30 70 Yb-fiber laser; 400 W 800-1025 71-137 /mm?, scan strategy [201]
followed by three angles 0°, 45°, and
90° SS1, SS2, SS3, respectively
Argon atmosphere flow with oxygen
AlSil0Mg - 300 40 190 Yb-fiber laser; 400 W 1200 content < 200 ppm to avoid [202]

oxidation, preheating at 150 °C
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3.1.1. Microstructural Morphology of SLM Parts in Al Alloys

When analyzing SLM-processed specimens, the longitudinal and transverse sections
are typically examined to assess the presence of any micro-defects. Although scanning
strategies such as crossed, square, circular, alternating, and concentric lines present partic-
ularly dense microstructures from a macroscopic point of view, they are not necessarily
free from defects and micropores. Consequently, to obtain more detailed information on
these aspects, techniques such as SEM (scanning electron microscopy) and optical mi-
croscopic (OM) analysis are used [203,204]. Moreover, as mentioned above, the analyses
conducted at higher magnifications through SEM and OM clearly define the features of the
formed microstructure. Some standard features include lamellae, needle-like structures,
and precipitates of different alloying elements, varying significantly depending on the
processing conditions and alloying elements present. Each of these microstructural features
will impact the component properties differently. For example, the lamellar microstructures
improve the strength and toughness of materials by hindering the propagation of cracks,
and the needle-like structures help improve the strength along specific crystallographic
directions. In contrast, the precipitates of different alloying elements increase the hardness
of the component as they create barriers that hinder the movement of the dislocations.
Moreover, the presence of finely distributed precipitates leads to an increase in corrosion
resistance [180,205].

Figure 6a—d offers a complete overview of the defects that generally form in Al alloy
samples produced by SLM. It is worth pointing out that these defects are not limited to this
specific type of Al alloys, but they can occur in various SLM parts in metal materials such
as steel and titanium alloys. Generally, defect formation is influenced by several factors,
including process parameters such as scanning strategy, hatch distance, and laser exposure
time. Furthermore, laser defocusing has also been observed to contribute to their formation.
The micrographic analysis allows us to reveal the characteristics originating from improper
control of the fusion and cooling of the powder particles. The defects mainly encountered
are irregular voids, gas pores, balling phenomena, and rough surface finish, spatter, and
keyhole pores [206-208]. The irregular voids (Figure 6a) have random shapes and indicate
weak bonding between different layers of molten metal within the printed part. The gas
pores are the smallest, typically round, and appear like Figure 6b. They form when inert
argon gas (used during printing) and leftover gas trapped in the metal powder get trapped
inside the molten metal as it solidifies too quickly. While keyhole pores are larger round
voids (usually less than 100 micrometers) formed when metal vaporizes in the laser’s molten
pool. This creates a vapor cavity that can collapse, leaving a void. Slow laser speeds make
these cases more likely. Finally, the balling phenomenon (Figure 6c) refers to a situation
in which individual dust particles do not completely dissolve and fuse with the substrate
but instead form small spherical spheres on the surface. The presence of these defects
weakens SLM parts, reducing their tensile strength, fatigue strength, and overall integrity.
Furthermore, it is noteworthy that, mainly in the areas where the Al-Si interdendritic
lamellar eutectic structure occurs, the formation of microcracks during solidification is
observed (Figure 6d). It is known that in materials with a high thermal expansion coefficient,
i.e., Al alloys, excessive segregation of solutes during solidification, such as the Si phase in
the AlSi10Mg alloy, can increase the susceptibility to solidification cracking of the material,
especially in the presence of high residual stresses. This phenomenon is common in parts
fabricated using DMLS, as the material experiences extremely high cooling rates [208].
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Figure 6. Metallurgical defects formation in SLM parts made of aluminum alloys. SEM micrographs
show (a) randomly shaped pore enclosing unfused powders (reprinted from Ref. [206], copyright
(2014), with permission from Elsevier), (b) entrapped gas pore and keyhole pore [ reprinted from
Ref. [207], (c) balling phenomenon and rough surfaces reprinted from Ref. [207], and (d) microcrack
formation reprinted from Ref. [208].

The effects of higher laser power and scanning speed in the case of the AlSi10Mg
alloy. Their experimental findings suggested that these AlSi10Mg alloys exhibit improved
mechanical and microstructural properties due to the strong particle-to-particle bonding.
Figure 7 illustrates all the parameters investigated in this study and a systematically
explained scanning strategy for powder-based Al processing using SLM techniques [209].
These changes can include grain growth (individual crystals becoming larger), phase
transformations (altering the crystal structure), recrystallization (creating new, strain-free
grains), and the introduction of defects or micro voids. These alterations in microstructure
can significantly impact the properties and performance of the material. The regular
structure of the melt pool, accompanied by a heat-affected area with fine grain size, can be
achieved by using a higher laser power and sufficient energy. These conditions are essential
for creating more significant, extensive melt pools during additive manufacturing. Also,
more energy is required for the weld pool to ensure a strong bond between the layers. This
combination of increased laser power and sufficient energy promotes better melting and
bonding between layers, leading to better mechanical and microstructural properties in the
final product [210,211].
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Figure 7. Microstructural evolution of the samples with different cooling rate (a—c) and the continuous
melt pool structure model with fine HAZ. Images (d-f) correspond to the microstructures in XY- and
YZ-planes—Reprinted from Ref. [209].

Moreover, the authors observed that this type of melt pool exhibits enhanced resistance
to transverse stress during deformation, achieved through a fast-scanning process using
higher laser power. This approach helps maintain stable energy inputs, ensuring the forma-
tion of continuous melt pools with fine heat-affected zones (HAZ) [212,213]. The resulting
monolithic melt pools exhibit an acceptable structural zone and higher strength [209]. In
Figure 7, the processing of the AlSi10Mg alloy using SLM techniques is depicted, show-
casing the Al-Si layer boundary acting as a barrier for dislocation motion. In addition,
many Al-Si delicate structures are formed within the uniform melt pool, which contributes
to improved deformation resistance of the melt pool, ultimately leading to strengthened
grain boundaries. In Figure 7a, the author noted that as the cooling rate increased, both
the width of the heat-affected zone (HAZ) and the size of defects at the bottom of the
melt pool increased. In Figure 7b, a comparison was made with samples subjected to
coarse grain, resulting in a finer eutectic Al-5i cell, which was the primary reason for their
high strength. Moving on to Figure 7c, the sample exposed to high Si input exhibited a
coarser microstructure with «—Al columnar dendrites and spheroidized eutectic Si as dotted
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pointed identified. Figure 7d,e also shows the transverse directional surface and lateral
direction of the surface which is easily visible the differences in between. The Figure 7f
is the combination of the both direction of the samples which is 3D view of the samples
microstructure and continuous track and fish kind of the track of the lateral directions are
visible and Figure 8 also represent the EBSD maps of a schematic diagram illustrating the
continuous melt pool structure with a fine HAZ. High laser power was responsible for
generating vast melt pools that tightly overlapped as can be seen in the 3D constructed mi-
crostructure image as shows the a” and b’ [209]. This melt pool structure effectively resisted
transverse stress during deformation, enhancing ductility and toughness. Simultaneously,
rapid scanning at high laser power maintained stable energy input, facilitating the creation
of continuous melt pools with fine HAZ. The excellent monolithic nature of these melt
pools resulted in a more significant proportion of the delicate zone, leading to a significant
increase in strength. Additionally, rotating each layer by 67° in the highly-dense monolithic
structure reduced stress concentration within the sample [209].

Figure 8. EBSD orientation maps of the sample in an XY-plane grain structure along the longitudinal
direction and XYZ plane constructed from the SEM analysis—Reprinted from Ref. [209].

This combination of factors enhances the final product’s overall mechanical properties
and microstructural characteristics [214].

3.1.2. Mechanical Properties of the SLM Parts in Al Alloys

The mechanical characteristics of aluminum alloys hold significant importance when
it comes to the production of components using SLM. This significance is amplified because
aluminum alloys are renowned for their lightweight properties [215,216]. Understand that
the mechanical properties of a component made with the selective laser printing technique
with aluminum alloy powders do not meet the required standards or specifications. In that
case, various problems can occur, including compromised structural integrity, limited per-
formance, reduced life, and less reliability. Furthermore, achieving the desired mechanical
properties is paramount for these components to strike an appropriate balance between
weight reduction and sufficient strength. In general, insufficient quality of mechanical prop-
erties limits the effectiveness of weight reduction efforts and hampers overall performance.
Table 3 summarizes some of the data in the literature concerning the mechanical properties
of the Al alloy parts manufactured via SLM. From the analysis of the results reported in
Table 3, it is evident that there are significant differences in tensile strength, percentage of
elongation, and ultimate tensile strength (UTS) in MPa among the components built with
different process strategies. The researchers observed that the minimum expected tensile
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strength is approximately 250 MPa, while the maximum is 500 MPa, with a 50% difference
due to the variation of the process parameters. Furthermore, the yield strength and the
percentage elongations show similar variations, which the different process strategies can
influence. The size of the laser beam and the scanning speed are both critical in producing
lightweight components, and the appropriate choice of these parameters can significantly
influence the mechanical properties of the components.

Additionally, powder preheating and sample post-heating are essential strategies
for improving the mechanical properties of aluminum alloy SLM components, allowing
you to optimize the microstructure and achieve the desired performance. Some studies
also highlight the importance of choosing the growth direction of the component for its
mechanical properties. Following a one-way or multi-directional strategy, growth can
generally occur along the XY, XZ, and YZ planes [217,218]. According to researchers’
findings, certain causes may remain undisclosed because specific aspects have not been
thoroughly investigated. The variations in tensile strength, micro-hardness, and fatigue
results observed across different research groups align closely with the data presented
in Table 3 particularly concerning the micro-hardness test results. This heterogeneity is
primarily attributed to variations in process parameters.

Table 3. Mechanical properties of AlSil0Mg and Al-Li alloy SLM specimens.

Powder

UTS (ob)

Used [MPal YS (c0.2) [MPa] Elongation (8) [%] Remarks Ref.
The author reported that the YS of the
horizontal direction is higher than the
AlSil0Mg 494 309 6 vertical due to the rapid cooling effect [219]
changing the powder’s microstructural
and mechanical properties.
(a) 448.0 (a) 263.0 (a) 9.8 They have found three different categories:
AlSi10Mg (b) 241.7 (b) 180.3 (b) 9.6 (a) as built (ab), (b) T6 treatment, and (c) [220]
(c) 451.7 (c) 310.2 (c)6.2 direct aging (DA)
AISi10Mg 38545 ~ 45 T.he author r.eported under the argon and [68]
nitrogen environment of a closed chamber.
. 452 £ 1 (H) 264 + 4 (H) 3.6 +1(H)
AlSi10Mg 482 + 1 (V) 247 +1 (V) 6.5 + 0.3 (V) NA [221]
They used an argon environment to
AlSi10Mg iég (F) 245 (H) 59(H) process SLM and there was no preheat as [222]
V) 220 (V) 3.2(V) described
escribed.
The built sample has higher strength than
the solutionized treated samples at 550 °C
AISi1OM 43424 +£10.7 32217 £8.1 53 +0.22 for 2 h due to Si particles significantly [223]
& 282.36 £ 6.1 196.58 £ 3.6 13.4 £ 0.51 influencing the tensile properties of the
used powder Argon with 100 °C preheat
environment
. 473 (AB) 263 (AB) 7.8 (AB) Relatively little difference is as built AB
AlSi10Mg 479 (HT) 298 (HT) 5.6 (HT) 7nd Heat-Treated HT [224]
The difference between the strength of the
AlSiTOM 391 (XY-direction) 311(XY-direction) 7.2(XY-direction) cast material and the forging material is [225]
& 343 (XZ-direction) 266 (XZ-direction) 5.46(XZ-direction) because of the acceptable microstructure )
performance.
Investigated results show that, with the
decrease in scanning speed, the
micro-hardness of parallel to building
. 64.66 (parallel direction was increased fr('>m 105.4 HV to
Al-Li alloys direction) to 99.35 - 6.3,4.6 121.4 HV, and the tensile strength [226]

increased, indicating that the decrease of
the
scanning speed can reduce metallurgical
defects of Al-Li alloy
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Table 3. Cont.
Powder UTS (ob) . o
Used [MPal YS (00.2) [MPa] Elongation (5) [%] Remarks Ref.
Samples (a) and (b) are built, and (c) heat
456 (XY-direction) 368 (XY-direction) 3.0 (XY-direction) is treated with solutionized treatment
AlSil0Mg 359.5 (Z-direction) 306.5 (Z-direction) 1.7 (Z-direction) quenching + artificial aging T6 due to [227]
290 (MPa) 262 2.5 hardening microstructure refinement as a
reference of the hall patch equation.
373+ 3 230+ 3 Direct aging could increase yield strength
. 369 £+ 8 229 £ 6 300 MPa and 500 MPa, as cold-built
AlSi10Mg 363 £7 219+6 8309 materials resist softening by stress relief (28]
348 £ 2 210 £ 2 treatment.
The Si eutectic network globalized into Si
260 220 1.0 particles, continuing to decrease UTS 400
AlSil0Mg 496 296 5’0 MPa to 290 MPa and increasing ductility; [229]

up to 15 of these are cast and T6 treated
used alloys.

3.1.3. Corrosion Behavior of SLM Parts in Al Alloys

It is widely recognized that environmental conditions can also significantly impact
the physical properties of SLM-fabricated samples. Several authors demonstrate that in
addition to the correct control of process parameters in SLM, managing exposure to oxygen
or other corrosive agents is also essential to obtain the desired material properties and
ensure components manufactured with SLM are high quality and durable.

The specific manufacturing methods and conditions of aluminum alloys can vary
significantly based on the type of aluminum alloy used and the intended application of the
end product.

Generally, aluminum alloys are fabricated at elevated temperatures to improve their
formability and reduce the energy required for plastic deformation during forming pro-
cesses (e.g., hot rolling, extrusion, and forging) in a vacuum or an oxygen-existing envi-
ronment. Note that while some additive manufacturing methods use vacuum or oxygen
environments, the SLM of aluminum alloys typically occurs within an inert gas atmosphere.
Using an inert gas environment minimizes oxygen content, allowing for successful SLM of
aluminum alloys without excessive oxidation.

Corrosion is a potential problem for all metals, but even more so for metal alloys such
as aluminum. Furthermore, the SLM process introduces certain factors that can influence
the corrosion behavior of manufactured components, such as surface roughness, residual
stresses, variations in composition, and porosity.

According to a recent study [230,231] on AlSi10Mg alloys fabricated using SLM, the
corrosion phenomena for this alloy are mainly attributed to the presence of Si particles.
These particles contribute to the reduction of the energy density of the grain, mainly
due to the rapid cooling of the deposited layer during the SLM process. To address
this issue, post-manufacturing heat treatments are typically employed. These treatments
involve a complete aging heat treatment cycle performed under standardized processing
conditions, effectively mitigating the problem of corrosion caused by Si particles. The
potentiodynamic polarization test is the one most used for corrosion investigations. A
sodium chloride (NaCl) concentration of 3.5 wt% was used to perform this test. In this
context, demonstrated that the corrosion resistance of AlSil0Mg alloy samples deteriorates
as Si particles grow. This degradation is evident through several indicators, including
higher corrosion current density, lower corrosion potential, reduced film strength, and
lower charge transfer resistance observed in heat-treated samples [232].

Figure 9 shows the potentiodynamic polarization curves for the SLM as-built samples
in Al alloy and casted alloy comparison investigation. The as-built samples showed a po-
tential voltage of approximately 120-150 mV and a corrosion potential varying towards the
as-built samples direction. The resulting corrosion resistance values for comparison are as-
casted 4.75 x 10% Q) cm?, Al-horizontal direction in an argon environment 9.57 X 10° Q) cm?,
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Al-vertical direction in an argon environment 12.1 x 103 Q) cm?, Al-horizontal direction
in a N, environment 15.9 x 10° Q) cm?, and Al-vertical direction in a N, environment
10.3 x 103 Q) cm? as reported. In particular, as the built environment of the argon to ni-
trogen increased, the icorr Values also increased, indicating a higher corrosion rate for the
samples than the as-built ones.

—As Cast AISil10Mg alloy
-0.4 7 —SLMed AlSi10Mg (under Ar, horizontally built)
SLMed AlSi10Mg (under Ar, vertically built)
-0.5 1—SLMed AlSi10Mg (under N2, horizontally built)
—SLMed AlSi10Mg (under N2, vertically built)
-0.6 1
- 0.7 1
-
= -0.8
I
=
£ -0.9 A
(=]
&
-1 4
-1.1 A
-1.2 — T T T T T T T
10° 108 107 10¢ 10 104 10 102
Current (A/cm?)

Figure 9. Potentiodynamic polarization curves of SLM-produced AlSi10Mg alloys and non-heat-
treated counterparts in 0.1M % NaCl solution at room temperature (E potential; i current density)
Reprinted from Ref. [232].

However, in contrast to the icorr values, the potential voltage (corrosion potential)
showed a slight difference in the temperature range of -0.7 V to —1.0 V for the Ar and N,
environment-built samples. Despite the variation of the corrosion rate with increasing
temperature, the corrosion potential remained relatively stable and within a similar range
for all heat-treated samples. Overall, these results suggest that heat treatment at higher
temperatures degrades the corrosion resistance of SLM samples, leading to higher corrosion
rates (reflected by icorr Values), while the corrosion potential remains relatively constant
over the tested temperature range. Instead, Figure 10 presents the results obtained on
SLM-processed AlSi1l0Mg alloys from electrochemical impedance spectroscopy (EIS) using
Nyquist and Bode plots. Interestingly, it was observed that all samples, regardless of their
heat treatment and particle density, exhibited only a single capacitive loop in their Nyquist
plots (Figure 10a—c). The Bode phase degree plots (Figure 10c) also displayed a broad
plateau around the middle frequency, with minimal variation across the reported frequency
range and low-angle peaks, and Figure 10d represents the perfectly fit circuity during the
test of the corrosion behavior of respective Ar and N; environment-produced samples [232].
These EIS findings can be attributed to two main factors:

Heat treatment: The heat treatment applied to the specimens might have altered their
microstructure, resulting in changes in the corrosion behavior. Only a single capacitive
loop in the Nyquist plots suggests a predominant capacitive behavior, which could be
associated with forming passive oxide layers on the surface. The heat treatment might have
influenced the oxide layer’s characteristics, leading to a similar capacitive response in all
the heat-treated samples.
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Figure 10. Electrochemical impedance spectra of SLM-produced AlSi10Mg alloys and Ar and N
counterparts in a 0.1 M % NaCl solution at room temperature: (a) Nyquist plot; (b) bode plots
(c) phase angle results, and (d) equivalent circuit diagram Reprinted from Ref. [232].

Insufficiently dense particles: Another factor influencing the EIS results could be
related to the density of the particles in the SLM specimens. If the samples had insufficiently
dense regions, it could create areas where the corrosion occurs primarily on the layer surface,
leading to the observed finite diffusion layers. These localized corrosion phenomena can
affect the impedance response, resulting in the observed broad plateau in the Bode phase
degree plots [11,231,232].

3.2. SLM Parts in Titanium Alloys

Titanium, including the SLM process, is one of the most used materials in AM technol-
ogy. The ability to machine titanium using SLM has opened up opportunities for producing
complex, lightweight components in this high-performance material. On the other hand,
titanium is prized for its resistance to corrosion and high temperatures and is often em-
ployed in industries such as aerospace, chemical, and medical implantology. Among the
Ti alloys, the most widely used is the Ti6Al4V alloy (ASTM 5 grade). Although it falls
into the category of non-ferrous alloys, the SLM processing parameters are different from
those used for Al alloys due to different physical properties, thermal conductivity, and
surface tension [233-236] demonstrate that the surface morphology and characteristics of
SLM components do not depend only on the process parameters but also on the properties
of the powder. In particular, it is essential to know three crucial characteristics of each
powder particle: its microstructure, morphology, and chemistry (i.e., how it reacts during
processing conditions) [237,238]. Table 4 shows the process parameters for the most popular
titanium alloy: Ti6Al4V.

While some level of porosity can be advantageous for specific applications in the man-
ufactured components, striking the right balance to retain all desired properties presents
a challenge.

The SLM process is adept at striking this balance, but it is critical to make preliminary
adjustments independently when configuring final processing parameters [239].
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Table 4. Process parameters considered by researchers during SLM process for Ti6Al4V alloy.
Laser Beam Laser Power Layer Thickness = Hatch Distance Scan Speed
Diameters Laser Type Remarks Ref.
[um] W] [pm] [um] [mm/s]
IPG Photonics Experimentation was done under the Ar atmosphere
- 51.84-388.8 30 120 Ytterbium YLR-400-SM 600-1200 with O content below 100 ppm, volume energy [240]
fiber laser density 24-90 J/mm?3
) 140-180 30 60-100 Dimetal-100 SLM 700-1500 Annealing heat treatment for 2 h at 600-1050 °C set for [241]
the 3 phase
The Ar atmosphere with high purity of 99.999%, O,
content below 0.02%, and annealing heat treatment
60 50-140 30 60-100 Yb-fiber laser 500 W 300-1200 cycles was used to manage under the three different [242]
cycles at different temperatures 850 °C/2 h/FC
(furnace cooling), 1050 °C/2 h/FC, and 950 °C/
1h/AC (air cooling) 550 °C/6 h/AC
Volume energy density 34.29-97.78 ] /mm?, maximum
- 120-200 25 100 Laser M2, 400 W 900-1400 scan speed 7000 mm /s, under protective argon [243]
atmosphere
70 80-180 20-80 30-100 Yb-fiber laser 200 W 800-2500 Under argon gas to maintain an oxygen level below 1, ;)
0.5 volume % (vol.%).
10 m, (11%) of the
80-100 346-382 50-100 300 - 900 laser beam size could lead to over 40% change in the [245]
overall volume of the spatter generated.
300 200 30 140 - 900 Zigzag scanning strategy, the overlap rate is 50% [246]
- 280-360 30 141 Yb-fiber laser; 400 W 1000-1400 Laser power, the scanning speed, has a more [247]
substantial influence on the performance of the part
30 °C and <500 ppm O; to limit oxidation on each
layer maintained Energy Density 23.7-63.0 ]/ mm?.
- 95-180 30 50-70 300 W-fiber laser 1600-2505 They also performed heat treatment at 850 °C, holds [248]
for 25 h and 50 h, followed by a 40 °C/min cooling
rate to 20 °C
120 W-Yb-fiber laser
- 60 25 60 with a wavelength of 1000 Shielding gas argon, and heating 750 °C for 3 h [249]

1.07 pm.
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Table 4. Cont.
Laser Beam Laser Power Layer Thickness = Hatch Distance Scan Speed
Diameters y Laser Type P Remarks Ref.
W] [um] [um] [mm/s]
[um]
a fiber-modulated
pulsed laser having a
75 200 30 65 maximum power of 1500 Preheated to 80 °C, argon gas to prevent oxidation [250]
500 W and a
wavelength of 1070 nm

Yb-fiber laser Argon gas to oxygen concentration below 0.13 Vol%,

200 240 30 50 (1064 nm) maximum 240 heated to 900 °C for 2 h under argon atmosphere and [251]
laser powder of 400 W furnace cooling
- 40-500 20-200 22.5-693 Yb'ilggﬂ/baser 25-3200 11.11-373.33 Energy density J/mm?, [252]
Argon until the oxygen volume fraction was below

} 500 W Yb: YAG-fiber 0.1%, zigzag scanning manner, preheating temperature

240 50 120 laser and an F-theta lens 300 200 °C., annealing 950 °C, 1000 °C and 1050 °C for [253]
40 min

80 500 60 200 500 W, Yb 1000 Operating under a protective argon atmosphere [254]

500, 625 0.1% of the Ar higher-purity environment used for the
- 200 50 100 1.064 um, Yb: YAG o processing of the Ti alloys by SLM, energy density was  [255]

750, 1000, 1250 . 3
varying from 32-80 J/mm
Used alternating scanning vector 90° angle for

40 200 50 100 1.064, Yb: YAG 500 processing to avoid residual stress and to enhance the  [256]

bonding of particles.




Metals 2024, 14,

, 1081

24 of 66

018

0.16

< 006

Area fraction

o
8

°
2

3.2.1. Microstructural Morphology of SLM Parts in Ti Alloys

Components of Ti alloys using SLM exhibit diverse microstructures with varying mor-
phologies and phases. In certain instances, the « phase is formed with acicular martensite,
while in others, the heating effect results in a lamellae structure within a Ti-matrix of o + 3
structure. Proper grain size distribution and homogenous phase formation are crucial in
controlling microstructural properties, directly influencing mechanical enhancement. There
are substantial differences in microstructural and mechanical properties between compo-
nents in their as-built state and those that undergo artificial aging treatment. The aging
treatment leads to significant modifications in microstructure and mechanical behavior,
further emphasizing the importance of managing the microstructural features to achieve
desired material properties [257].

Porosity has been noted to impact titanium alloy samples. To address these concerns,
it is crucial to conduct a comprehensive examination of the processed samples and conduct
a thorough evaluation of microstructural behaviors. Figure 11a—f offers an in-depth per-
spective on a titanium-based alloy sample manufactured using the SLM process. The grain
size distribution and formation process play a significant role in the recrystallization of the
specimen. In Figure 11, the EBSD analysis reveals the transition from more significant to
smaller grain distributions. The average grain sizes, calculated in micrometers (um), for
each case are as follows: (a) 6.70 um, (b) 7.42 um, (c) 15.14 pm, (d) 20.71 pum, (e) 23.42 um,
and (f) 67.43 um [97].
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Figure 11. Grain size distributions of specimens and EBSD maps showing the grain morphology of
SLM-processed Ti37Nb65Sn samples corresponding to the horizontal (XY) and vertical (YZ) sections:
(a,d) Specimen A1l; (b,e) specimen B1; (c,f) specimen B3 (reprinted from Ref. [97], copyright (2018),
with permission from Elsevier).

3.2.2. Mechanical Properties of the SLM Parts in Ti Alloys

Parts made of titanium or titanium alloys using the SLM technique generally have
superior mechanical properties to those made of aluminum alloys [258,259]. Table 5
shows some fundamental mechanical properties, such as tensile strength, of SLM samples
in titanium and titanium alloys. As with aluminum alloy SLM specimens, it has been
observed that also for titanium or titanium alloy SLM specimens, heat treatment cycles
conducted under different conditions can be essential to develop mechanical properties
comparable to parts produced with traditional techniques. These heat treatments can
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optimize the microstructure of SLM titanium or titanium alloy components, reduce residual
stresses, increase fatigue strength, or improve corrosion resistance. Ultimately, they allow
for mechanical properties that approach or exceed those of parts manufactured using
traditional techniques.

In their work focusing on biomedical applications, emphasized the preference for
titanium alloys like Ti6 Al4V for medical implants. This choice is attributed to their advan-
tageous features, including a low Young’s modulus, excellent biocompatibility, superior
corrosion resistance, and remarkable strength compared to stainless steel and CoCr al-
loys [98]. Within titanium alloys, the microstructural characteristics are influenced by the
formation of phases, with changes attributed to the combination of martensitic phase for-
mation and « + 3 phase formation [260]. For instance, highlighted a notable achievement
in bone porosity, reaching 61%, a level nearly equivalent to natural bone porosity. This un-
derscores the remarkable success of the additive manufacturing (AM) process, particularly
SLM, in achieving such results [261].

Table 5. Mechanical properties of SLM specimens in Ti alloys.

Powder Material

UTS (o) [MPa]

YS (0y2) [MPa]

Elongation (8) [%]

Remarks

Ref.

Ti6Al2Zr-1Mo1V

Ti37Nb6Sn

Ti6Al4V
Ti6Al4V

Ti6Al4V

VT6 and VT20L

Ti6Al4V

Ti6Al4V

Ti6Al4V

Ti6Al4V

Ti6Al4V

Ti6Al4V

Ti, Ti-6Ta different
% alloys

780-1422

891
1012
1195

1095

(Before Heating)
BH-UTS-863 + 9,
(After Heating) AH-
UTS- 580 + 12

1267 £ 5

989 + 10

1140

975-1120

AB-UTS-1156 MPa,
AHQ- 1124

550-1186

850
932
1118 + 39

955 & 6MPa

(Before heating)
BH-YS-840 + 6,
(After Heating)
AH-YS-453 £2

1110 £9

940 £+ 10

760 =+ 1

1350

YS-255.8 MPa to
204.9 MP

1228 MPa,
AHQ-1032 MPa

470-1029

3-18

E-Mod. 66 GPa,
Ductility 27.5%, max

5

8.1

BH-EL 2.2 £ 1.7%,
AH-EL 82 +1.6%

E-Mod. 109.2 + 3.1
GPa, EL7.28 +1.12

32

EL 7.7%, E-Mod.
1150 GPa

14.7

E-mod. 130 GPa, EL
8.6%, AHQ-E-Mod.
108 GPa, EL 8.3%

E-Mod. 75-550 GPa

o + 3 phases show a needle-like structure
that looks like a martensitic phase, and
coarse lamellae structure also formed
This method can aid the design of
customized titanium devices with low the
elastic modulus for orthopedic implant
applications
Strain-1.4% after heat treatment
Ti6Al4V Samples have higher tensile
strength than EBM-produced samples
Its mechanical properties strongly depend
on its microstructure

Bending « 25 4 4° properties, the impact
energy 49 + 18 kJ/cm?, heating at 300 °C

The SLM-processed specimen was
characterized under different heating
conditions
61% Porosity achieved in this specimen
that is almost near to natural bone,
Compression YS 1040 + 13 MP; UCS
1842 + 17 MPa
Variations in thermophysical properties
may arise from differences in the initial
metallurgical state, potentially attributed
to alterations in the transformation
behavior
Mathematical simulation and
experimentation both approximate
mechanical analyses carried out using
boron content; compressive strength-
19.46-416.47 MPa
Heat-treated at 750 °C, impact test
233.6 £ 1.5 MJ/m?, € =50%
Samples heat-treated at 800 °C and 850 °C
for 4 h, s-fabricated samples consist of
lamellar «’ and acicular «’; many twins in
the lamellar &’ and small «; precipitation
in the acicular &’ were found
By Ta addition ranges from 0 to 25 wt %,
there is an improvement on the tensile
strength from 641 to 1186 MPa,
micro-hardness 240-353 HV,
micro-hardness from 257 to 353 HV also
increased

[60]

[97]

[262]
[263]

[264]

[99]

[100]

[101]

[265]

[266]

[267]

[268]

[269]
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Table 5. Cont.

Powder Material

UTS (0,) [MPa] YS (092) [MPa] Elongation (5) [%] Remarks Ref.

Ti-Nb

Til0V2Fe3Al

Increase of energy density from 70 ] /mm?
to 100 J/mm3, and then, it increases to the
highest at 110 ]/ mm?3 This variation is

740 to 685 640 to 574 Ductllit7yslo/9.5 Yo to determined. by both the coarsening of «’ [270]
= phase and the formation of 3 (Ti, Nb)
solid solution, micro-hardness 261 HV to
245 HV
935-939 922-934 510 a-bearing samples all show poor ductility [271]
EL<1.2%

3.2.3. Corrosion Behavior of SLM Parts in Ti Alloys

The electrochemical behavior of Ti alloys fabricated using SLM can be tailored to
different functionalities by optimizing the alloy composition, microstructure, surface finish,
and exposure environment. On the other hand, it is widely known that the presence
of various elements, such as aluminum (Al), vanadium (V), chromium (Cr), and others,
in addition to titanium, can have a significant impact on the electrochemical behavior
of the material, as well as a fine and homogeneous microstructure can lead to better
electrochemical performance, as it provides more uniform corrosion resistance.

Moreover, multiple researchers have shown that deposition orientation influences the
material’s microstructure, crystallographic texture, and surface roughness. These factors,
in turn, have a notable effect on the formation and stability of the passive layer [272-275].
Specifically, the passive layer refers to a thin and stable oxide layer that forms on the sur-
face of metals, providing them with corrosion resistance. Investigated the SLM-processed
Ti6Al4V alloy in XY and XZ planes. Their findings revealed that the XY plane exhibited su-
perior resistance due to the passive layer’s reduced stability compared to the XZ plane [276].
It is identified another contributing factor to the enhanced corrosion resistance in Ti6Al4V
alloys: the formation of o’-phase with a martensitic orthorhombic crystal structure. They
observed that this phase formation played a crucial role in improving the material’s resis-
tance to corrosion. Additionally, the authors found that the lack of pitting corrosion in Ti
alloys, especially in 3-phase, was due to the stabilizing element Nb, which was present in
sufficient amounts to fully retain the bcc 3 phase up to room temperature. More interest-
ingly, the study’s results showed that the as-built specimens exhibited a significantly low
Ecorr voltage of as-built —0.201 V, and polished samples had much lower —0.791 V, and
in addition, the icorr values were notably low at 0.621 x 10~7 A/cm? in this case. These
findings suggest that the martensitic o’-phase and low surface roughness contribute to the
excellent corrosion resistance properties of Ti6Al4V alloys in their investigation [277].

The investigated presented interesting results on the corrosion behavior of Ti6Al4V
alloy fabricated through the SLM process. This work examined corrosion using standard
solutions, such as NaOH, NaCl, H,SO4, and SBE, representing different media types:
alkaline, neutral, acidic, and physiological. In addition, the work focused on the influence
of molarity and pH values, respectively, with the following specific values for each standard
electrolyte solution: 1.0, 13.6, 0.6, 6.8, 0.5, 0.6, and 1.0, 7.4. These parameters were carefully
chosen to understand the corrosion phenomena in different environments. In Figure 12, the
corrosion potential versus corrosion current density (i) is shown, providing insight into how
the electrochemical behavior of the alloy varies in different electrolyte environments. The
OCP and PDP tests revealed that the passive layer formed immediately upon immersing
the samples into the electrolytes. In both cases, the passivation current exhibited an
ascending trend: NaOH < SBF < NaCl < H,SO;. Similarly, the pitting potential increased:
H,S0O4 < NaCl < SBF < NaOH. Additionally, Figure 13a, b shows a Nyquist, bode plot, and
phase angle graphical representations of the experimental results, revealing the impact of
various electrolyte environments on the corrosion phenomena observed in the Ti6Al4V
alloy. The PDP and EIS findings indicated the existence and breakdown of a dense and
porous TiO; layer. Among the various electrolytes, NaCl was observed to be more corrosive
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than SBF and NaOH, while H,SO, proved to be the most aggressive for both cast and SLM
Ti6Al4V. Pitting occurred through the dissolution of the porous layer, triggered by localized
pitting in NaCl or extensive cracking in HySO4, with more pronounced damage occurring
in SLM when exposed to the harsher electrolyte [278]. Also, explored the corrosion behavior
of Ti6al4V samples and found improved corrosion resistance. This increased strength has
been attributed to several factors, including the presence of similar grain structures, the
rapid initial passivation process, and the protective effect of the bonded reaction layer on
the o’-Ti phase against corrosion [279]. Finally, research highlighted the benefits of SLM
processing for Ti6Al4V alloys, as it resulted in parts with superior corrosion resistance
compared to traditional wrought and heat-treated Ti alloys due to higher hydrophobicity,
better grain boundary density, and homogenous alloying elements stimulated in saliva at
37 °C. In particular, the study employed electrochemical testing and contact angle tests to
evaluate the corrosion resistance of the different materials [280].
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Figure 12. Potentiodynamic polarization curves of the cast and SLM Ti6Al4V alloys obtained with
different electrolytes (reprinted from Ref. [278], copyright (2020), with permission from Elsevier).
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Figure 13. (a) EIS plots of the as-cast and SLM Ti6Al4V alloy. These were obtained in NaOH and
NaCl electrolytes. The various Nyquist plots, bode impedance plots (Bode Plot 1), and Bode phase

plots (Bode Plot 2) are indicated in the corresponding media. The inset shows the corresponding
equivalent circuit diagram (b) EIS plots of the cast and SLM Ti6Al4V alloy were obtained in HySO4
and SBF electrolytes (reprinted from Ref. [278], copyright (2020), with permission from Elsevier).
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3.3. SLM Parts in Steel Alloys

Steel is known for its high mechanical strength, ductility, and ability to withstand
high stresses. Furthermore, steel alloys offer a wide range of properties, such as corrosion
resistance, toughness, and hardness, making them suitable for many applications. These
alloys are obtained by combining iron with other elements, such as carbon, chromium,
nickel, and many others, to improve their characteristics. The use of steel in SLM allows
the unique properties of this material to be exploited in an additive manufacturing process,
offering high performance, precision, and greater design freedom. Table 6 presents a
complete picture of SLM machining conditions for ferrous alloys.

When comparing the processing of titanium parts, it becomes evident that it is costly.
Titanium can substitute for more cost-effective steel alloys while still meeting the perfor-
mance requirements of material components. On the contrary, aluminum alloys, although
suitable, do not achieve the same level of performance as steel alloys [280-282]. When
choosing process parameters for steel alloys, it is crucial to understand the alloying ele-
ments, as they significantly influence achieving the desired mechanical properties of the
components. The phase equilibrium of steel alloys is not always known, adding complexity
to the process. Managing oxidation is also critical during the SLM process for steel alloys.
Elevated temperatures can lead to oxidation, which can affect the final properties of the
components. Therefore, effective control and optimization of process parameters, such
as laser power, scanning speed, and protective atmospheres, are necessary to minimize
oxidation and ensure the desired component quality. Furthermore, the high cooling rate in
SLM can result in the formation of different phases, including martensite and austenite,
which also play a crucial role in determining the mechanical properties of the steel alloy
components. Even slight adjustments to the process parameters can trigger phase changes
that can noticeably impact the component’s performance in specific applications [283,284].
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Table 6. Process parameters considered by researchers during SLM processed for ferrous alloys.
Laser Beam Laser Power Layer Hatch Scan Speed
Powder Diameters Thickness Distance Laser Type p Remarks References
[W] [mm/s]
[uml] [um] [um]
YLR 500 WC, IPG) 500 W Preheat at 80 °C to reduce thermal stress, linear ener:
316 L 70 350-425 30 30-90 1070 nm wavelength 400-1000 density (LED) range of 0.535-1.0625 J/mm? & (28]
58.8-76.9 ] /mm?, Highest strain rate sensitivity
(m = ~0.0261) compared to SLM SS 304 L. For SLM material,
304 L 70 200 50 85 200w N‘T'YAG'pulsed 800 P e horizontal [286]
aser I . . .
and inclined orientations possess higher m values compared
to the vertical orientation.
After heat treatment at 1040 °C for 2 h (Air Cool, AC) and
17-4PH - 195 30 80 EP-M150 SLM 850 ageing cycle at 480 °C for 4 h (AC) for the recrystallization of [287]
SLM-produced components; checkerboard scanning strategy
17-4PH 90 195 20 100 Yb-fiber laser 200 W 220 Nitrogen atmosphere: percentage of oxygen 0.8%, 20 mm [288]
Scan length,
. . Overnight heating at 80 °C for residual stress releasing,
17-4PH 200 175 40 80 200w solulzl-state Yb-fiber 1050 working cgi’lamber urg’lder nitrogen gas, and &-martensite §nd [289]
aser retained austenite (y) phase formed
316 L 80 300-380 30-70 80-120 Yb-fiber laser 400 W 800-1200 L Orthcc’lg"“?l array-based model applied and relative [290]
ensity 99% almost 7 samples out of 9.
Temperature changes and heat during the process on
316 L - 50-300 20 10-200 YAG-fiber laser 500-2000 Impress the solidification morphology in tracks, CAVILUX [291]
HF with power up to 500 W and a wavelength of 810 nm
. 76-103.03 ] /mm? Energy Density (ED) was received, 5-40
i4CrNﬁ\/[0 80 300-340 40 110 Yb-fiber laser with a 750-950 um mico defects found due to increase in energy density 292
ovxi-al oy B wavelength of 1070 nm g when 90.91 j/mme defects occurred, like lack of fusion and (292]
stee ED higher 103.03 ] /mm? then key holes formed
50-100 Linear energy density J/m, increasing the value of
Fe_Si_B the offset, a decrease in the density of samples due to a
Alloy (1CP) 80 60-120 50 100-200 YLR-laser 800-1200 violation of its structural unity caused by the separation of [293]
y the columnar elements from each other; under a
nitrogen-atmosphere-operated machine
18Ni300 215.91— Single-mode fiber laser 96.90-99.45% Relative density received; treatment was
Maraging - 38 4 09 50 50-150 (maximum power output 663.64-1336.36 performed at 850 °C for 1h and subsequent aging treatment [294]
steel : of 500 W) was carried out at 500 °C for 6 h, both cool in the air
Protective nitrogen gas
Maragin " in the atmosphere, both conditions performed heating and
stegl & 80 258 40 110 Yb-fiber laser 400 W 960 without hegting; 900 °C/25 min, v}\?ater quenched togRT, [295]

490 °C/6 h, with time and temperature variation
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Table 6. Cont.
Laser Beam Laser Power Layer Hatch Scan Speed
Powder Diameters Thickness Distance Laser Type p Remarks References
(W] [mm/s]
[uml] [um] [um]
Maraein The point method (PM), line method (LM), area method
stegl 8 - 400 40 - Nd: YAG-fiber laser 800 (AM), and volume method (VM), with the first two being [296]
most often used
Maraging . ) ) Continuous CO; laser . . They performed with and without boron particles; heat
steel 200-500 100 (wavelength-1064 nm 500-1200 mm /min input < 8J-mm~! (2971
H13 Tool 83.3-111.1 J/mm® Volume energy density received,
Steel 170-260 30 100 600-1400 maximum relative density reached 99.6%, and process [298]
parameters were optimized
I—l\I/[ljr:te;Els, Marag. St. Marag. St. Four ytterbium-fibre Marag. St. 1000 Al?e O\t/le)relﬁ) Pivbgiwee; s;gge;roiggtg:;' (Iig;/ ;il??ﬁ;zl;v‘z:s
ging 80 175-250 50 um, H13 75um, H13  lasers and a reduced build mm/s H13 600 p ppm, and arg ! o m/ [299]
Steel continuously applied during operation; they carried out a
. 60 um, 80 um, volume mm/s, €
18Ni300 comparison study




Metals 2024, 14, 1081

33 of 66

3.3.1. Microstructural Morphology of SLM Parts in Steel Alloys

Steel alloys typically exhibit the presence of martensite and ferrite, which can be
identified using optical emission spectroscopy (OEM) and scanning electron microscopy
(SEM). When 17-4PH alloys are processed using SLM, the resulting microstructure often
shows a mixture of these phases. Conducted a study on 17—4PH alloys produced via SLM.
The microstructure results, depicted in Figure 14 [203,300], revealed the formation of both
austenite and ferrite phases. Figure 15 provides a clear visualization of the austenite and
ferrite phase formation in the SLM-treated sample [170].

‘3'.- |

“?'

Figure 14. Micrograph representation of 17-4PH alloys (a) upper surface; (b) longitudinal section
(reprinted from Ref. [300], copyright (2019), with permission from Elsevier).

Figure 15. Microstructural features of selective laser melted S32750 duplex stainless steel. (a) EBSD
Phase distribution of the duplex steel of the sample at side surface (b) presented phase at the fracture
surface of the sample SEM image Reprinted from Ref. [170].

In contrast, provide valuable insight into the energy density distribution and the effect
of laser scanning on microstructure changes in the SLM-treated sample. These results may
be necessary for understanding how specific process parameters influence the resulting
microstructure of the 17-4PH alloy during the SLM process. In particular, the author
also clearly shows grain boundary and phase differences in the microstructure [300]. In
Figure 16, It is clear that the volumetric energy input during the LPBF process affects
porosity. Each kind of pore was minimized when the hatch distance and scan speed values
were close to 100-110 pm and 1100 mm/s, respectively, with volumetric energy density
(VED) values around 60 J/mm3. When higher energy densities and reduced scan speeds
are employed, the samples are exposed to relatively higher temperatures for extended
periods, potentially contributing to the increased development of Widmanstitten austenite.
Additionally, Widmanstitten side laths are observed to extend downward into the ferrite
grains, originating from the side plate colonies within the vertical substructure laths and
extending through the grain boundary austenite [171,214].
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Figure 16. SLM processed of the cross sections of 2205 duplex stainless-steel samples with varying
energy densities Reprinted from Ref. [171].

3.3.2. Mechanical Properties of the SLM Parts in Steel Alloys

Ferrous alloys are of great interest worldwide due to their ability to meet mechanical
property requirements through different steel alloys [301]. Table 7 presents the mechanical
properties of ferrous alloys, such as some stainless steel (SS) and tool steel. The variation
in hardness of these samples is mainly attributable to the increase or decrease in the
retained austenite volume [302-304]. The highlighted the excellent mechanical properties
of 304 L steel produced through the SLM technique, thus generating a strong demand
in the biomedical sector [305]. found that a high dislocation density and formation of
nitride precipitates contribute to higher yield strength (YS) and tensile strength (UTS).
However, the formation of a grain size reduction leads to a decrease in the material’s
ductility. At the same time, the authors perform a post-deposition heat treatment at
elevated temperatures [306]. They found better metallurgical properties.

Other studies demonstrate that a balanced phase is formed following heat treatments,
thus generating a balanced distribution of these structures, which can improve their me-
chanical properties and corrosion behavior [307,308].
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Table 7. Mechanical properties of the SLM specimens in ferrous alloys.
Powder Used UTS (o) [MPal] Y[?v[(ggf) Elongation (8) [%] Micro-Hardness [HV] Remarks Ref.
o - i . . .
PH13-8Mo S8 1282 without Y-direction,  YS-1264 without Y-direction, . T [0 without . fn addition to the ytrium, impact energy; and fensile 0]
° 1443 With Y-direction YS 1399 with Y-direction trecton, “% Lo W SHENE™ IAPTOVEd SISTLACANTLY Cue 1o preventng :
Y-direction dislocation movement in plastic deformation
UTS-AP-751 MPa, YS-AP 651 MPa, Pore size and 1_norpholc_>gy can also_ affect the defc_)rmatlon
17-4PH UTS-HIP-962 MP YS-HIP 858 MP. - - stability. during plastic deformation; compressive true [310]
? : stress—AP 243.61 MPa, HIP-206.30 MPa
Porosity plays a critical factor in fatigue life when
g S B B porosity is higher than 7-9%, also the roughness is Ra 8.6,
304155 514.58-694.45 450-650 16.27,21.9,20.3, and 17.9 um for different specimens; (311]
fatigue strength 500 MPa, (~27.34 mJ/m?
304 L YS(oy) o . 17.54+ 3.7 HV 304 L and o
304 LSS, 316 LSS 706.7 + —6.2 454.7 +11.5 MPa; 316 L, YS UTE%SE? i ;g 1/\(;117 2396 + 66 HV3I6L; TE  +° “H;S’EA‘LLZZ? il%z;213163%6*%{&&;116'6%%% ENEIEY  [312]
581.1 + 7.3 MPa S e 54.8 4 2.3% 304 L : S ‘ e
To utilize nano-sized TiN particles both as inoculants to
17-4 PH ~950-1200 YS-~850-1150 MPa TE-~15-25% 26-47HRC, obtain an equiaxed microstructure in an as-built [313]
condition and as dislocation barriers to improving
mechanical properties
Vacuum atmosphere during the sintering an increasing of
316 SS ~360-475 YS-~180-200 TE- ~12-35% - density up to 6%, of real strain up to 150%, and UTS up [314]
to 23% is observed
TOP-YS 734 + 32.5, Uniform EL % 8.9 0.1, The Val‘la"thIlS in oxide volume fra§t10n led to a
9.0+£0.1,92+0.1;EL % decreased yield strength along the height and a high
15-5PH - MIDDLE-YS 836.8 & 29.4, - . . . [315]
19.5 +0.4,19.8 + 1.0, amount of austenite at the specimen bottom contribute to
BOTTOM-YS 944.0 £12.0 - .
20.0 £ 0.6 external plasticity and elongation
HIP heat treatment contributes to a reduction of about
22% percent in the yield strength from 500.1 MPa to
392.2 MPa, and an increase in the ductility and elastic
316155 610-620 Y5-375-510MPa ~40-50 ) modulus of the modulus material by around 10% percent; [316]
Poisson’s ratio 0.25-0.30, Yang’s elastic modulus, GPa
130-160, fatigue strength-omax > 250 MP
A strength of ~720 MPa and EL of 48% is obtained in the
316 L SS TS- 300 ~573 48 - transversal direction; the corresponding properties of the [317]
longitudinal counterpart are ~615 MPa and 18% EL.
. S . EL of approximately 48%;
17-4 PH 720 MP6a1,Ol (ﬁl%;tmimal 570511\/(1)1)&13;5 of and EL of approximately ~250-290 HV 17-4PH alloys are limited due to defects and anisotropy [318]
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Table 7. Cont.
Powder Used UTS (o) [MPal Y[?v[(g;f) Elongation (8) [%] Micro-Hardness [HV] Remarks Ref.
. The carbon-enriched retained y (austenite) films amongst
elongation to fracture of martensite blocks transferred to high-carbon twin
H13 Long. Dir.-UTS ~1600 MPa; ~2% along the longitudinal . . 5 i
. - - o o martensite through stress-induced martensitic [319]
tool steel Trans. Dir.-UTS of 1200 MPa direction; EL of ~1.4% along . . N . .
N transformation upon plastic deformation, leading to high
the transverse direction o .
susceptibility to cracking
CrMn-MS1 ~2005 + 68 MPa YS-~1190 + 50 6.9 +05 362 + 9 HV0.05 A good interface transition, CrMn-MS1 steel displays [320]
strong metallurgical bonding at the interface,
SLM-MS1 986 + 30 1071 + 25 79+ 05 360 -+ 9 HV0.05 High relative density 5’2190915// porosity of less than [321]
ot Preheating temperatures of 200 °C or 300 °C are
M3:2 }:t%ill speed - - - 650-950 HV necessary for low crack density; the hardness tempering [322]
behavior of the SLM-densified material is promising
The effects of porosities and unmelted powders on
H13 tool steel YS-1400, 1432 MPa, UTS 1700 MPa; 1715 MPa, elongation 1.5% 552 HV mechanical properties are also elucidated by the metallic -,

fractography analysis to understand tensile and fracture
behavior
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3.3.3. Corrosion Behavior of SLM Parts in Ferrous Alloys

Like non-ferrous alloys, SLM processing can significantly impact the microstruc-
ture, phase composition, and defects of ferrous alloys. These alterations, in turn, play
a crucial role in influencing the corrosion behavior of the SLM-processed ferrous alloys.
Ferrous alloys have excellent sustainability; adding specific elements can further improve
their properties.

Research shows yttrium oxide layers and the treatment of solid solution to enhance
the anti-corrosion properties. The results indicated that the composite alloys, with the
addition of yttrium oxide, exhibited significantly improved anti-corrosion behavior and
formed a more effective passive layer on the surface than pure alloys [324].

It is focused on SLM-processed steel samples to investigate steel alloy corrosion phe-
nomena. They observed that the re-austenitized SLM-processed steel showed a remarkable
absence of MnS inclusions, in contrast to the wrought steel, where the presence of MnS
inclusions destabilized the passive film on the material’s surface [325].

It is found that 316 L stainless steel (SS) samples manufactured by SLM with lack-of-
lasering (LOL) micro-holes exhibited significant susceptibility to localized corrosion. This
was evident from the lower breakdown potentials observed in the polarization corrosion
examination. Figure 17 displayed the corrosion anodic and cathodic reactions, providing
valuable insights into the corrosion mechanisms. Moreover, the authors perform heat treat-
ments (HT) at two different temperatures, 950 and 1100 °C [326,327]. The metallographic
phase and pits of the as-received and heat-treated samples are shown in Figure 18. It
can be observed that Figure 18 illustrates the pitting initiation locations in the samples as
follows: In the as-received samples, pitting initiation occurred at the MPBs (Figure 18a).
In the HT950 samples, pitting was initiated at the GBs due to the dissolution of MPBs
(Figure 18b). Similarly, in HT1100 samples, the primary pitting sites were observed at the
GBs (Figure 18c) also in the (Figure 18d) bagraph shows the number of pits formation
versus types of the samples as discussed [328].
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Figure 17. Potentiodynamic polarization curves were obtained for SLM-manufactured and commer-

cially available 316 L stainless steel samples in a 0.6M NaCl solution at room temperature (reprinted
from Ref. [326], copyright (2020), with permission from Elsevier).
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Figure 18. Metallographic phase and pits of the (a) as-received, (b) HT950, and (c) HT1100 samples.
(d) Statistical chart of the number of pit sites (reprinted from Ref. [328], copyright (2020), with
permission from Elsevier).

Furthermore, investigated the corrosion behavior of 30CrMnSiA steel by performing
tests in a salt spray chamber, as depicted in Figure 19. This aspect garnered significant
attention due to the formation of micro-pits and density changes. With increased exposure
hours, pits and surface changes escalated considerably compared to the observations in
Figure 19a—d [327]. Also, conducted a similar study, stating that lower grain boundary angle
density and the presence of pitting with element segregation and reprecipitates are the main
factors contributing to the decrease in corrosion resistance of steel alloys. Microstructure
analysis revealed pitting on SLM-machined steel alloys under various conditions, further
supporting their findings on the corrosion behavior of these materials [327,328].
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Figure 19. The micromorphology of SLM 30CrMnSiA steel after salt spray test for different periods
and the morphology of the fatigue crack initiation (a) 00 h (b) 48 h (c) 96 h (d) 144 h (e) 288 h (f) 576 h;
Reprinted from Ref. [327].

4. Mathematical Modelling and Simulation for SLM

In the current context, numerical mathematical modeling has proven highly versatile
in different disciplines, especially in additive manufacturing (AM) processes. Its ability
to deliver simulated results offers valuable insights into the practical behavior of manu-
factured components [329]. Through numerical modeling, it is possible to acquire a wide
range of information for alloys manufactured via SLM, such as thermal behavior, material
flow, and mechanical properties [330], obtaining efficient and accurate results with a margin
of error of about £5%. These analyses can effectively account for various factors, including
particle bonding, temperature conditions, laser power, and other minor or significant pa-
rameters. However, accurately defining specific powder properties and behavior during
melting at elevated temperatures demands careful attention during finalization. Various
methods are accessible for efficiently managing process parameters in computer-based
analysis. These include utilizing the finite element method (FEM) and software tools like
MatLab and Abaqus, which are proficient in high-speed computations [331,332]. Generally,
the process involves numerous steps, which can be time-consuming. However, by care-
fully selecting the appropriate powder and utilizing various mathematical SLM modeling
techniques, it is possible to create an artificial environment that closely mimics actual
experimental conditions. This allows users to achieve results nearly identical to those of
physical experimentation.
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The critical mathematical SLM modeling techniques employed in this process include
the following:

1.  Heat conduction model: To simulate heat transfer during the SLM process.

2. Laser beam model: To replicate the behavior of the laser beam as it interacts with
the powder.

3.  Fixed domain method: To define and analyze the specific region of interest in
the model.

4.  Temperature-transforming model: To predict the temperature changes and transfor-
mations during the process.

5. Residual stress model: To account for the stress and deformation present in the
fabricated components after the process.

6.  Finite Element Formulation: To discretize the model and solve complex equations
efficiently.

By integrating these techniques, the mathematical SLM modeling process becomes
a powerful tool for achieving reliable and comparable results to real-world experimental
conditions [333].

4.1. Heat Conduction Model

The heat generation model consists of two distinct parts: the heat conduction equation
(which neglects fluid flow conditions) and the Navier-Stokes equation (which considers
fluid flow conditions). The heat transmission model ensures thermal energy equilibrium
by considering linked boundaries and initial conditions. The Fourier Equation (1) can
accurately determine the heat transfer process during the experimental procedure.

q= —kAT (1)

where q (W/m?) is the transferred heat amount, k (W/mK) is thermal conductivity, and AT
(Kelvin K) is the temperature gradient. When the powder particles melt and turn into liquid,
they contribute to the heat of convection in the system. The energy equation incorporates
this additional heat transfer phenomenon as a transport term. Considering this term, the
Navier-Stokes equation can be readily applied to calculate and analyze fluid flow. This
approach allows for a more comprehensive and accurate representation of the system’s heat
transfer and fluid flow dynamics. During the AM process’s layer-by-layer heat transfer
and cooling process, formation and phase changes can be effectively described using a
governing equation known as the Stefan condition. This condition is applied separately for
the two phases involved, i.e., solid and liquid. The Stefan condition (2) accounts for mass
and thermal diffusion at the interface between the solid and liquid phases, providing a
mathematical framework for understanding and modeling the phase transitions that occur
during the additive manufacturing process.

A @
where ks and k; represent the thermal conductivities, respectively; Ts and T; are the tem-
peratures of solid and liquid, respectively; p is the density, L is the latent heat, and s is
the solid-liquid interface location [334]. In addition, the derivation of Fourier thermal
conduction helps analyze the evolution of heat transfer and heat in SLM. The boundary con-
ditions for heat flow involve conduction and convection within the gaseous environment,
considering the components produced on the base plate and the adjacent powder layers
above and below. The transient spatial heat distribution satisfies the governing equation,
expressed as T (x, y, z, t). This equation comprehensively explains how temperature varies
concerning spatial coordinates (X, y, z) and time (t) during the SLM process. The thermal
loss, represented in Figure 20, mainly accounts for the conduction-related issues. The
following specified equations are dedicated to the thermal field of the SLM mathematical
model and are related to conduction and heat loss. It is presumed that the maximum heat
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loss occurring in the powder bed due to conduction, convection, and radiation does not
occur significantly; hence, it can be neglected to maintain computational efficiency without
compromising accuracy.

oT

pﬁpg = V.(KVT) +Qon Q 3)
T(x,y,2,0) = TO%—T on () 4)
JoT 4 4
—kg— = sOU(T —Te) +h(T—Te) on Ty (5)
JT
—ka—n =0onT (6)
Y u
radiation | Q
convection Q ‘

X
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Figure 20. Heat conduction problem formulation Reprinted from Ref. [334].

In the conduction equation (Equation (3)), the laser heat source is represented by
the variable Q, which acts as a power source of internal energy. This heat source term Q
accounts for the energy input provided by the laser during the SLM process, contribut-
ing to the overall thermal field and temperature distribution within the material being
processed [334].

4.2. Laser Beam Model

The laser beam model plays a critical role in the SLM process, impacting the tem-
perature variation within the system. It is influenced by various essential characteristics,
including laser beam dimensions, traveling speed, power, and the specific laser source used.
These parameters can be adjusted based on the chosen materials and powder properties
to optimize the SLM process. One of the main concerns in the laser beam model is the
irradiation of the powder surface, which is typically measured in watts per square meter
(W/m?). Additionally, the volumetric laser beam unit is measured in watts per cubic meter
(W/m3), while surface measurements are expressed in watts per square meter (W/ m?).
These different units are used to understand the energy distribution and intensity of the
laser beam during SLM, ensuring precise control over temperature profiles and enabling
successful additive manufacturing.

The temperature field distribution of the powder bed is strongly influenced by the
characteristics of the laser beam, such as laser power, beam radius, laser speed, etc. Different
choices of laser beam irradiation models can be found in the literature, but most of them are
surface (W/m?) rather than volumetric laser beam models (W/m?) due to the minimum
layer thickness of the powder (30-100 um). The cylindrical model of the laser beam assumes
that the laser beam is constant at every point of the spot surface. In this case, the surface
heat flux can be written as follows (Equation (7)). The cylindrical model of the laser beam
incorporates laser power (P) and laser beam radius (R) as essential parameters. This model
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describes how the laser beam interacts with the powder material, and the generated heat
flux from the laser is absorbed by the powder during the SLM process.

P

qcyl = 7IR2 (7)
P

Qey1 = TR2 (8)

where o represents the absorption coefficient of the irradiated material, which is typically
heat-dependent. Figure 21 illustrates the temperature changes during the SLM process as
simulated by the model. The color-coded representation of the powder particles makes
it easy to identify their states. Blue powder particles indicate the normal state, while
yellow and red represent highly heated or melted particles due to the laser beam. Light
green and sky-blue colors indicate heat-affected particles. The laser beam moves quickly
across the surface of the powder bed, making it challenging to observe the process of one
complete surface layer being completed in a matter of seconds. The immediate motion of
the laser beam and its intense heat cause rapid changes in temperature and material state,
contributing to the efficiency and effectiveness of the SLM process [335].
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Figure 21. (a) Deposition (top row) and (b) subsequent laser sintering of a 2 mm X 2 mm box of
powdered materials, colors represent temperature (scale ranges from 400 to 3000 K); (c) temperature
v/s time graphical representation in microseconds (reprinted from Ref. [336], copyright (2014), with
permission from Elsevier).

4.3. Simulation for Al Alloys Produced via SLM

Using SLM thermomechanical models and simulations can be very useful to avoid
unnecessary experimental failures. These simulations allow researchers to gain valuable
insights and optimize process parameters [337]. The simulation of aluminum alloys pro-
cessed by SLM is relatively complex due to two main factors: volume shrinkage and
material evaporation. Manufacturers can achieve the desired balance between processing
efficiency and part quality in the SLM process by carefully selecting and optimizing trial
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simulation parameters, including scan speed, laser power, and layer thickness. At the same
time, it is essential to use specific models to obtain accurate results in line with the desired
results for the proposed materials. According to higher laser power and slower scan speeds
were associated with increased laser penetration and width. Conversely, lower power
settings and faster scan speeds improved penetration and width per unit of energy, which
also translates to higher energy efficiency. It is worth noting that simulating a single-stage
scanning strategy is comparatively more straightforward than simulating a multistage
scanning strategy. Furthermore, the authors were involved in a parametric investigation to
understand the correlations between power levels, evaporation, melting, and temperature
distribution through analysis. Instead, the study of AlSi10Mg alloys, specifically analyzing
part-scale deformations [329,337].

Nowadays, one of the most widely used software programs to simulate complex me-
chanical behaviors and thermal effects in metal components is the COMSOL Multiphysics™
software.

Specifically, when performing mechanical and thermal simulations of the metal com-
ponent with COMSOL Multiphysics TM software, distinct governing equations and the
appropriate mechanical framework are used for modeling. Below are the governing equa-
tions and heat transfer models based on these simulations [329].

aoT
p[Jpa = V.(-KVT) )
where t is the time, T is the temperature, p the density, C;, ;s the specific heat capacity, and K
is the material’s thermal conductivity. The following equations can effectively represent

the phase and temperature variation changes from the above parameters.
K= erhasel + (1 - e)KphaseZ (10)

do
Ep = 6Cp.phasel + (1 - e)Cp.phaseZ + Lf/Vﬁ (11)

epphaselcp.phasel + (1 B e)pphaSQZCp.phaseZ
p= (12)
eCp.phasel + (1 - e)Cp.phasez

In these mathematical expressions, 0 signifies a volumetric parameter with values
ranging from 0 to 1. Additionally, the transition interval denoted by « is a smoothed
function within COMSOL, representing the fraction of phase post-transition.

In the initial phase, characterized by stages 1 and 2 as outlined in Equations (2)—(4),
these stages are associated with the liquid and solid states. In the subsequent phase
transition, Equation (10), as previously discussed, accounts for the latent heat of fusion (Lf)
and evaporation (Lv).

Ppower = (1 - e)pbulk (13)
Kpower = Kbulk(1 - e>n (14)

where ppouger and Kpopder are the material density and thermal conductivity, respectively,
while porosity is zero, 6 is the powder porosity, and it is calculated to be 0.43, and n is the
empirical parameter taken as 4 [338].

The variables p and K refer to the characteristics of the powder layer during the phase
change process and are defined in the equations below [338]:

o= Poulk (Tm) — ppowder<TS)

(T - TS) + ppowder(TS)'TS <T<Tn (15)
Tm —Ts

- Kpuik (Tm> B kpowder (Ts)
- T — Ts

where, pp,1x and ky,jx denote the bulk density and thermal conductivity, respectively.

k (T —Ts) + kpowder(Ts), Ts <T < T (16)
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These equations analyze aluminum alloys, specifically those in the 6xxx series. In this
context, p, Cp, and kg, are essential to studying latent heat fusion, melting, and sintering
points. These values are determined based on research conducted for the heat radiation from
the material surface within the chamber to its surroundings, as illustrated in Equation (16).
=eo(T: , — T (17)

Yradiation amb

In this context, € and o represent surface emissivity and the Stefan-Boltzmann constant.
Likewise, the critical computational command involves homogenization through volume
averaging analysis to establish the non-linear meso and macro relationships for structural
properties. The indicated equations below enable the measurement of macroscopic stress
and strain [339,340]:

1 /. *
o = o dv 18
VRVE (18)
VRVE
¢ = ! / e dv (19)
VRVE_ .
VRVE

where ¢’ and o represent the macroscopic and microscopic stress, while ¢’and ¢*correspond
to the macroscopic and microscopic strains. Additionally, “Vgryg” denotes the represen-
tative volume element [341]. Researchers conducted a comprehensive study involving
the finite element method (FEM), thermal analyses, and phase transformation analysis.
They proposed that the solidus temperature (Ts) undergoes rapid changes concerning the
melt pool temperature at a given time. However, as the laser energy increases, the cooling
percentage decreases. In the SLM system, this decrease in cooling percentage occurs when
the central melt pool is cooled. Furthermore, the deposition of the powder layer by layer
is influenced by heating effects, which contribute to phase changes and microstructural
alterations [342].

4.4. Modeling and Simulation of Ti Alloys Manufactured Using SLM

The melting temperature within the processing chamber primarily influences part
fabrication using titanium and its alloys through SLM. In numerical modeling, simulations
can be conducted using Ansys Parametric Design Language (APDL).

The term “systematic” can be synonymous with “governing”, but various researchers
have focused on deriving different equations to analyze the system. For instance, they
have employed Euler backward and the Newton-Raphson iterative approach [343]. In
certain aspects of SLM, the system exhibits a rapid thermal mode that can influence
slight modifications in the geometry of the laser-induced surface. However, temperature
variations occur among powdered surfaces, and convection and radiation occur between
particles and trapped air. The author employs the following equation to describe the heat
flux generated by the model and the continuous laser beam, which does not depend on a
Gaussian distribution.

2AP —2r?
q - exp( 2 ) (20)

Equation (20) defines a mathematical expression to quantify the generated heat
flux density.

1 /™ 0.865AP
- 2mr)dr = o 21
dm - /0 q(27r)dr = (21)

where P represents the laser power, A stands for the absorption coefficient of the preplace
layer, which is typically constant within the range of 0.2 to 0.3, and r;, denotes the laser
beam diameter, and its values can vary as defined parameters [344].

In addition, latent heat can be expressed as an enthalpy equation in the SLM process,

H= / pc(T)dT (22)
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Various methods exist to analyze this expression, but a well-structured Figure 22
can offer better clarity. In the context of SLM part fabrication, it is important to note that
within a few microseconds, the powder particles transform into a solid layer phase with
the depicted ultimate properties, as shown in Figure 22 [345,346].

- bR

Figure 22. The layout depicts the melting of powder particles, transitioning from individual particles
to a molten state through a melting loop under the influence of laser heat (reprinted from Ref. [346],
copyright (2016), with permission from Elsevier).

In Figure 23, the simulation illustrates the solid powder particles and their transforma-
tion into a molten state. This simulation considers heating parameters and the distribution
of powder particles, which are mathematically modeled. conducted a study involving
mesoscale modeling and thermal analysis of Ti alloys, where they observed that as the
single laser scanning trace developed, it led to non-uniform shapes with increased powder
layer thickness and higher laser scanning speeds. Additionally, they noted that heat dissipa-
tion increased with a thicker powder layer. It was attributed to the increasing melting and
evaporation, which could lead to a greater Marangoni force and recoil pressure, ultimately
causing the molten powder flow to become destabilized [347].
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Figure 23. A multi-scale materials approach to modeling SLM in titanium alloys (reprinted from
Ref. [347], copyright (2017), with permission from Elsevier).

One of the significant phenomena in the solidification process of melted powder parti-
cles in SLM is the alteration of microstructure. These multiple changes in microstructure
have an impact on the mechanical and microstructural properties. researched microstruc-
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tural modeling of Ti alloys, which involved the utilization of heat conduction equations to
investigate these changes [348].

oT oT ) oT
PCPE— ()\xg)‘kg()\zafz)"i'q (23)

where T is the temperature; p is the density; C;, isthespecificheat, Ay and A; are the thermal
conductivity is in two directions; and x, z, and q are the volumetric heat. It is a common heat
source, considering that most powder laser modeling uses a moving Gaussian heat source.

24,2
ax,2) = 22 pexp| 2055 en
where A is the laser absorptivity coefficient of the material, P is the laser power, and
w is the laser beam radius. The period (T) denotes the laser beam retained in several locations.

Moreover, within Rappaz’s proposed numerical model for non-uniform microstructure
nucleation, the grain density (ng) is determined as a function of undercooling (AT), as
expressed in the formula below [349]:

dng Nmax (AT — ATmax)?
_ _ _max) 25
d(AT) 2nATs exp |~ 2ATZ ) @3)

where, AT;4y is the mean nucleation undercooling (AT, = 2 °C) ; AT, is the standard
deviation (AT, = 0.5 °C); and 1,y signifies the maximum density of nuclei within this
integral distribution from 0 to co (11;5x = 5 X 10%4m—3) [349,350]. Additionally, the grain
density can be described by:

AT — ATmay)
1.25ATo

)+ tanh(iiéz?g?z >] , 26)

ng(AT) = n?ax [tanh((

In general, the KGT (Kurz-Giovanola—-Trivedi) model can be used to calculate the
relationship between the advancement of grain velocity (V(AT)) and the degree of system
undercooling (AT) [349,350]

V(AT) = AgAT? + BgAT? (27)

where the constants AgandBgare equal to the values of 0.544 x 107%) [351]. The previ-
ously mentioned formulas represent the numerical microstructural model that researchers
adopted from [347]. There are several important considerations, including the following;:

1.  Exclusion of heat transfer via convection and radiation;

2. Consideration of heat generation and rapid solidification within a gaseous environment;

3. Nucleation and growth of grains occurring at the same cooling temperature;

4. Particular attention to martensite formation in Ti alloy specimens, both in the longitu-
dinal and transverse directions [352,353]. These aspects are considered cutting-edge
by researchers.

In the context of Ti alloys, numerous research methods and analyses have been ex-
plored by various researchers, each focusing on distinct strategies and simulations. It also
investigated residual stress profiles using simulations and the contour method. Multiple
approaches to stress profile analysis have been explored, emphasizing the inherent-strain-
based method, subsequently validated using the contour method [354].

In Figure 24, it can be observed that higher residual stresses tend to form predomi-
nantly on the surface edges of the specimens. In Figure 24a, the data presented represent
the averaged data of two cut halves, resulting in a sufficiently smooth and relaxed sur-
face profile. Figure 24b displays contour stress maps for two titanium cantilever samples.
Figure 24c reveals tensile residual stress occurring in the sample build-up direction, which
is from one layer upward to the next and can be observed at its mid-height along the edges
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of the samples. Compared to other locations within the sample, high tensile residual stresses
are notably present along line 1. Figure 24f highlights the specific locations within the
samples where the highest tensile residual stresses were observed, predominantly around
the starting and ending points of line 1. In Figure 24d,ef line profiles of the residual stress
are presented, allowing for a comparison between the results obtained through numerical
simulation and the contour method for the titanium (Ti6Al4V) coupon, as demonstrated
by the author. Additionally, tensile residual stresses are generally more pronounced in the
build direction and on the outer surfaces of the Ti alloy specimens [354].
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Figure 24. Residual stress profile layer-by-layer analysis of Ti alloys specimens: (a) surface displace-
ment Isometric profile of titanium (Ti6Al4V) cantilever specimen, (b,c) comparison of contour stress
maps of titanium (Ti6Al4V) cantilever sample (d,e) titanium (Ti6Al4V) specimen simulation and
contour method of stress profiles for the (different lines) shown figure (f) residual stress is higher in
the center of the cantilever specimen (reprinted from Ref. [354], copyright (2018), with permission
from Elsevier).

4.5. Modelling and Simulation of Ferrous Alloys Manufactured Using SLM

There is a wide range of steel alloys, and numerous publications are available that
delve into their mechanical and microstructural properties through numerical modeling
analysis. Various avenues exist to gather comprehensive information about steel alloys.
One notable approach for fracture analysis of tensile specimens produced via SLM uses the
Johnson-Cook damage model. The mathematical analysis results regarding 17-4PH alloys
processed using SLM provide valuable insights into the actual properties exhibited by the
manufactured specimens. In this context, exploring the thermal properties and structural
morphologies is imperative. Figure 25 serves as an adequate representation of the thermal
characteristics of the specimens, aiding in the comprehension of the cooling process.

Additionally, the micrograph shows the heating zones, showcasing the layer-by-layer
bonding, heat-affected zones, and grain growth, which are well illustrated in both simulated
and experimental images [355]. Furthermore, Researcher conducted a study involving
a multiphysics numerical model for steel alloys processed through SLM. The governing
equations employed in their research resemble the previously discussed ones, highlighting
the multidisciplinary nature of investigations in this field [356].

oT i
pcp g + Pcpu~VT = V.(kVT) + AQLaser + QRad + Qev (28)
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where p is the density in kg/m?, C;, is the modified specific heat capacity in ] /kg. K, T is the
temperature in K, t is the time in s, u is the velocity in m/s, k is the absorption coefficient, A is
the thermal conductivity in W/(mK), Qj 4., is the input laser energy source in W/ m3, Qrag
is the radiated energy source in W/ m?, and Q. is the evaporation heat loss in W/ mS.
A critical aspect to emphasize is selecting an appropriate heat source, which significantly
facilitates the validation of thermal properties. These investigations provide insights into
mechanical and microstructural properties, which the shape of the build specimen can notably
influence, whether in the x—y or y-z direction. For instance, in models like the Gaussian 2D
and 3D models, the analysis includes considerations of laser penetration into the powder,
offering a comprehensive view of the thermal and structural dynamics during the additive
manufacturing process [357,358].

Ip —2r? zZ— 279
QLaser =V E exp ( ? )eXP( b ) (29)
2P
Io=— (30)
T

where | is the intensity of the laser beam axis (W/ m?), b is the penetration distance of
the laser beam (m), r is the distance from the point to the center of the beam (m), rj is the
radius of the laser beam (m), z is the vertical position of the power (m), zj is the position
of the top of the powder (m), and P denotes the laser powder in (W). Researchers in the
field of SLM have made significant advancements in their processing techniques. Many
have undertaken a thorough examination of various models, with a particular focus on
addressing both minor and critical factors. These factors include considerations related to
volumetric changes occurring during temperature fluctuations caused by the laser and the
influence of energy and gaseous environmental effects on the process. Equations (28)—(30),
presented in the research, offer comprehensive elaboration on the Gaussian governing
equation (Equation (28)) and the multiphysics model. These equations serve as valuable
tools in capturing the intricate dynamics and interactions during SLM processing, allowing
researchers to understand the underlying principles and contributing factors.
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Figure 25. Thermal conditions of the specimen built by SLM-simulated and experimental specimen
micrograph view Reprinted from Ref. [355].
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5. Applications and Limitations for Various Alloys from the SLM Process

SLM offers immense potential for various applications due to the wide range of alloys
available. As already mentioned, each alloy has distinct mechanical and metallurgical
characteristics. This diversity in alloy properties provides significant opportunities for
using different materials in various fields of application. For example, aluminum alloys
emerge as exceptionally versatile materials, suitable for a broad spectrum of applications.
As discussed in prior sections, their adaptability stems from their lightweight nature,
which does not compromise the necessary strength demanded by various applications.
This characteristic allows for maximum utilization of aluminum alloys across diverse
industries. Figure 26 visually demonstrates how aluminum alloys can be employed in
constructing structural frames and assembly components. The SLM process facilitates the
creation of uniform single-frame components, enabling the assembly of intricate structures
and systems. In addition, an additive manufacturing process offers the flexibility to
perform partial and complete processing. There is a notable shift in the industry towards
substituting SLM-processed aluminum alloy components with heavier materials. This
transition is motivated by these materials’ superior mechanical properties and increased
durability for functional applications.

Figure 26. Aluminum alloy-based SLM-processed components for a wide range of applications
(photos provided by JR SLM services from China).

Notably, even components used in everyday applications can now be swiftly man-
ufactured within an hour using SLM. This contrasts with the time-consuming processes
associated with traditional machining methods.

Instead, titanium alloys offer a wealth of exploration opportunities across various ap-
plications. These titanium alloys satisfy many mechanical and metallurgical requirements,
making them a pivotal presence in automotive, aerospace, and structural applications.
Particularly noteworthy is their prominent role in the biomedical field, where they find
extensive use in implanting medical devices within the human body. Figure 27 provides a
visual representation of complete human body parts crafted using the SLM process and
successfully integrated into the human body. Many artificial body parts developed by
various industries are now available, and their demand has surged significantly in just a
few years following the inception of this technology [91].

Biomedical applications have greatly benefited from using titanium-based alloy pow-
der in additive manufacturing. Components fabricated from titanium alloys using SLM
exhibit exceptional mechanical and metallurgical properties. When assessing the advan-
tages of components produced through additive manufacturing, several vital benefits
come to the forefront, including enhanced corrosion resistance, adequate fatigue strength,
reduced modulus, and lightweight attributes—essential considerations for biomedical ap-
plications. Nonetheless, there are certain drawbacks to acknowledge. These include lower
wear resistance, which could pose concerns when components come into contact with body
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fluids, necessitating supportive coatings. From an application perspective, Ti alloys are
well-suited for external body part restoration and support adjustments. For example, they
are utilized in bone fracture replacements, fixtures, screws, plates, caps, and, most recently,
in developing hip and knee replacements. It is worth noting that Ti-based alloy components
processed by SLM exhibit comparable mechanical properties when comparing skeletal (cor-
tical) and skeletal (cancellous) applications. Due to elevated temperatures, SLM-processed
titanium alloys are typically classified as (o + 3) types. In particular, (o + ) Ti6Al4V
materials are characterized by the presence of acicular martensite phases. The mechanical
properties inherent to these (¢ + ) titanium grades are more than adequate to meet the
requirements of bio-metallic components. Research in bio-metallic materials highlights
that Ti67NDb alloys, a subset of the Ti—(x + 3) category, demonstrate minimal impact on
corrosion phenomena within bodily fluids. They showcase a notable increase in corrosion
resistance during operational periods. Moreover, multiple sources in the literature propose
that acicular martensitic phases in these alloys enhance their mechanical properties.

Figure 27. Human body parts made by Ti alloys from the SLM process Reprinted from Ref. [91].

Furthermore, other research indicates that 3—Ti alloys hold appeal for biomedical
applications. This arises from their remarkably similar elastic modulus, which measures
around 49 GPa, closely matching the elastic modulus of cortical bone at approximately
25 GPa. This reduced elastic modulus in 3-Ti alloys contrasts with that of conventional
Ti6Al4V implants and can consequently mitigate stress-concentration effects, a critical
factor in the design and performance of biomedical implants.

Very often, synovial joints, which are highly mobile and found in human fingers,
can become a source of immense discomfort in cases of accidents, chronic diseases, or
severe fractures involving multiple parts. These conditions can lead to excruciating pain
and sometimes carry a recovery probability as low as 60%. In such critical cases, the
solution often lies in replacing these synovial joints with artificial metallic counterparts
made from titanium alloys. These titanium-based implants offer the added advantage of
possessing anti-inflammatory and allergy-resistant properties, ensuring a smoother and
more comfortable recovery. This approach significantly reduces the disability percentage in
hands or specific joints, allowing individuals to regain mobility and overall quality of life.

Similarly, shoulder, knee, and hip joints, among the most versatile and frequently used
moving parts of the human body, can occasionally experience issues, albeit in a relatively
small percentage of cases (2-3 people out of 1000). These issues may arise from various
causes, including accidents and medical conditions. In such instances, medical bio-metallic
implants play a crucial role in improving the lives of those affected. These causes, such as
bone cancer affecting a specific area, genetic disorders, or functional limitations, are often
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severe. Introducing bio-metallic titanium-based alloys can bring about remarkable transfor-
mations in individuals facing these challenges, enabling them to lead more comfortable
and functional lives in the years ahead.

Furthermore, the utilization of bio-metallic implants is particularly promising, espe-
cially among older individuals who often face challenges related to bodily function and
joint health. Issues related to knee joints are prevalent in this demographic. A noteworthy
case study in 2006 involved an Italian woman aged 74 or older. She encountered signifi-
cant difficulties while walking, making it impossible to carry out her daily activities due
to excruciating knee joint pain and impaired mobility. Following the recommendation
of a medical professional, she decided to undergo a knee joint transplant, opting for a
titanium-based powdered metallic knee implant.

Following a successful surgical procedure, her life underwent a remarkable transfor-
mation. She regained the ability to walk independently, free from needing assistance, and
even engaged in physical exercises involving her legs. Presently, she enjoys a fit and healthy
lifestyle. The transformative nature of this complete transplantation is vividly depicted in
Figure 28.

S | l

Figure 28. Before and after the knee replacement with a titanium-based alloy knee implant.

Steel offers a practical alternative to titanium, primarily due to its cost-efficiency. In
many cases, steel alloys can readily substitute for titanium alloys in various applications,
providing comparable performance while being more budget-friendly. Among the fer-
rous alloys, martensitic precipitation-hardened (PH) 17—4 stainless steel (SS) alloys have
garnered significant attention due to their ability to bridge the gap between desired me-
chanical and metallurgical properties. The 17-4 SS alloys offer a range of advantageous
features, including exceptional weldability, corrosion resistance at temperatures of up to
approximately 300 °C, resilience to radiation, non-toxicity, oxidation resistance, stable
surface finishes, and excellent durability in both open and closed environments. Figure 29
showcases various metallic components crafted from 17-4PH alloys, with and without hot
isostatic pressing (HIP). The surface properties of these components are notably impressive.
This hybrid scanning strategy has been meticulously developed and fine-tuned to optimize
the production of superior, lightweight steel alloy components.

Figure 29. Represents a prepared specimen made from 17-4PH alloys.
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6. Future Prospects

The scope and applications of the SLM process are continually expanding without
inherent limitations. Every day, new applications and possibilities are being integrated.
Recent advancements in additive manufacturing have significantly broadened its hori-
zons, encompassing numerous industries and applications and facilitating the seamless
production of metallic 3D-printed parts. The potential areas for further exploration include:

1.  Three-dimensional printing of hybrid metallic materials for multiple applications such
as aviation parts, spacecraft, microelectronics, chips, sensors, biological applications,
and many more.

2. Environmental and sustainability experimental and simulation-based investigations
are widely used for saving costs and improving the durability of products.

3.  The improved exposure performance presently opens the door to a more profound
and intuitive investigation of additional hybrid materials.

Anticipated advancements in SLM technology, including enhancements in laser sys-
tems and precise powder bed temperature control, are poised to drive greater utilization of
SLM-processed alloys across various industrial applications. These developments herald a
bright future for integrating SLM-produced alloys in industrial settings [96].

The aerospace industry is one area where SLM-processed alloys are expected to have a
significant impact. SLM-processed alloys have the potential to be used in the manufacturing
of aircraft structures, such as wing spars and fuselage panels, due to their high strength
and lightweight properties. Additionally, SLM-processed alloys can produce complex
geometries and customized parts in a single build, reducing the need for multiple parts
and assembly operations.

In the automotive industry, SLM-processed alloys can manufacture lightweight and
high-strength parts such as gears, engine components, and suspension parts. Also, using
SLM-processed alloys in biomedical applications, such as dental and surgical implants, can
be an exciting prospect.

In addition to these areas, SLM-processed alloys are also expected to find use in pro-
ducing industrial parts, tools, and machinery, where their unique properties and capabilities
can provide significant advantages over conventionally produced alloys.

In summary, SLM technology has the potential to revolutionize the manufacturing
industry by making it possible to produce complex, highly customized parts in a single
build. Aluminum, steel, and titanium alloys have already shown potential in SLM, and
as the technology continues to advance, we will likely see an increase in the use of SLM-
processed alloys across a wide range of industrial applications.

7. Conclusions

This review article covers the main areas required to understand in depth the SLM
process, from the manufacturing stage to the resulting properties of the parts. The role of the
process parameters on the mechanical /microstructural features and corrosion properties
have been analyzed for aluminum, titanium, and iron alloys extensively used in SLM. The
advancements for improving the quality of the parts and the role of the mathematical
models have also been considered.

The main conclusions of the study are summarized in the following:

e Inthe SLM process, high-power lasers and meticulous management of critical parame-
ters, including the laser’s focal point, scanning speed, and powder bed temperature,
allow to improve the quality of the parts. Enhancements involve, for example, laser
systems and powder bed temperature control. Defects such as voids and roughness
continue to occur in the SLM parts, indicating the necessity for continued research.

e  Mathematical modeling can make a strong contribution to improving the quality of the
parts by predicting how the process parameters affect the final product’s microstruc-
ture, properties, and defects.
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e  Metallurgical and mechanical properties of aluminum, steel, and titanium SLM-
processed have been found to have slightly lower strength and toughness due to
the presence of defects. The corrosion behavior of SLM-processed materials is gen-
erally more similar to that of conventionally produced materials of the same al-
loy. In any case, the specific behavior depends on the alloy processing and the
post-processing treatments.

In summary, SLM technology has the potential to revolutionize the manufacturing
industry by making it possible to produce complex, highly customized parts in a single
build. Further exploration and refinement of the process parameters and post-processing
treatments are still essential to bridge the gap and align the properties of alloys produced
via SLM with those of conventionally manufactured ones.
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