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Abstract: Additive manufacturing (AM) represents the present and the future of manufacturing
production, thanks to a new design paradigm that allows the customization of components based
on the needs of the final application, all framed in a perspective of sustainable and on-demand
production. It has become an increasingly popular method for manufacturing complex and custom
parts, especially those made from metallic materials, such as AISI 316L. AISI 316L is a type of
austenitic steel widely used in industries such as aerospace, medical, automotive, and marine due to
its excellent corrosion resistance and high strength. Thanks to its physico-chemical properties, AISI
316L stainless steel is one of the most used metals for AM. In this paper, a critical review of printing
technologies, microstructural defects, mechanical properties, as well as industrial applications of
AISI 316L are presented based on the state of the art. Furthermore, the main challenges with AM
AISI 316L techniques are discussed, such as the influence of printing parameters, surface quality, and
other common problems identified in the literature. Overall, this paper provides a comprehensive
overview of AISI 316L AM techniques, challenges, and future research directions.
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1. Introduction

Additive manufacturing, also known as 3D printing, is a process of creating physical
components layer-by-layer starting from a digital model [1,2]. It involves building up
layers of material, such as plastics [3], metals [4], or ceramics [5,6] until the final object is
formed. Additive Manufacturing (AM) has its roots in the 1980s. The first 3D printing
process was invented by Chuck Hull [7], who founded the company 3D Systems in 1986.
Hull’s process, called stereolithography, is a process that solidifies thin layers of ultraviolet
(UV) light-sensitive liquid polymer using a laser [8]. The introduction of AM using metal
powders occurred later in 1994 when the German company EOS commercialized a machine
called EOSINT based on laser-sintering technology [9]. The steps involved in product
development using rapid prototyping are shown in Figure 1.
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Figure 1. Product development cycle of 3D-printing process.

The first step is the digital model design of the component using computer-aided de-
sign (CAD) software. The software allows designers to create a 3D model by manipulating
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digital shapes and forms. Once the object has been designed and optimized, the 3D model
is prepared for 3D printing using slicing software, which divides the digital model into
hundreds or thousands of layers [10].

The 3D printer must be set up and configured before printing can begin properly. This
includes selecting the appropriate printing parameters that can affect the design criteria,
such as the temperature and speed of the printer or the laser power [11].

After the printing process is complete, the object is removed from the printer, and
any support structures are removed. The object may also need to be sanded or polished to
achieve the desired finish. Compared with traditional manufacturing technology such as
casting and forging, AM has has many advantages, such as:

� Customization: AM allows for the creation of complex and customized designs, like
lattice structures [12,13], that cannot be easily replicated using traditional manufactur-
ing techniques. This means that products can be tailored to specific customer needs
or requirements.

� Reduced waste: AM is an additive process, meaning that it only uses the amount of
material needed to create the specific part, and there are just a few waste materials,
such as supports. This can significantly reduce waste and lower material costs, making
the process sustainable [14–16].

� Cost-effective: For small production runs, AM can be more cost-effective than tradi-
tional manufacturing methods because traditional manufacturing technologies often
require expensive molds or tooling, which are cost-prohibitive for prototyping [17,18].

� On-demand production: AM allows the manufacturer to produce parts on demand,
helping to reduce costs and environmental pollution and improve supply chain
efficiency. Additionally, AM reduces the risk of obsolescence, as parts can be easily
updated or changed as needed [19–21].

However, many disadvantages of AM technology still exist today, including:

� Printable Materials: although in the last decade, the materials that can be used with
additive techniques have increased, AM is limited to a smaller range of materials [22,23].

� Surface finish and quality: AM products are characterized by a rough surface finish [24,25],
which may not be suitable for some applications, especially when the component may be
affected by fatigue phenomena.

� Microstructure and mechanical properties [26]: In some cases, another disadvantage
of AM is the microstructure of the printed parts, which is characterized by poros-
ity [27], voids [28], grain growth, inclusions, and un-melted powders [29] that cause
differences in material properties, such as strength, toughness, and fatigue resistance.
The microstructure of printed materials is influenced by many factors, including the
printing parameters [30–32], the type of material used, and the post-processing steps.
It is possible to underline that, in many cases, the use of suitable printing parameters
leads to the achievement of better mechanical properties even compared to traditional
processes. In fact, the microstructure of a printed part can be improved through heat
treatment or other post-processing steps.

Thanks to the advantages previously listed, the AM has found an increasingly large market
that embraces many industrial fields, such as aerospace [33,34] or automotive [35–38], thanks to
the possibility of producing lightweight components, medical field producing implants [39–42]
and prosthesis [43–45] with complex shapes, and so on.

There are several 3D printing technologies available today, and each has its own
strengths and limitations. Table 1 reports the most used AM technologies.
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Table 1. Outline of the most used AM techniques according to ASTM 52900 [46].

Categories Techniques Materials Strengths/Downsides References

Material extrusion Fused Deposition Modeling (FDM) Polymers, ceramic
- Multi-material printing
- Poor surface quality [47,48]

d Vat photopolymerization Stereolithography (SLA)
Digital Light Processing (DLP)

Photopolymers
Photopolymers

- Fast build speed
- Good part resolution
- High cost

[49,50]
[51,52]

Powder bad fusion Selective Laser Melting (SLM)
Electron Beam Melting (EBM) Metals, polymers, ceramic

- High accuracy and details
- Fully dense part
- High mechanical

properties
[53–55]

Direct energy deposition DED Metals, polymers, ceramic
- Repair damaged part
- Require post-processing

machine
[56,57]

Binder Jetting Binder Jetting Metals
- Wide material selection
- High porosity [58,59]

y
Material Jetting Drop on Demand (DOD) Polymers, waxes

- High surface quality
- Low-strength material [60,61]

Sheet lamination

Ultrasonic additive
manufacturing (UAM)

Laminated object
manufacturing (LOM)

Metals, polymers
- High surface quality
- Low cost [62,63]

With particular reference to Metals Additive Manufacturing (MAM), one of the most
studied and used materials is the austenitic steel AISI 316L, as demonstrated by the exten-
sive scientific literature [64–68]. The extensive use of this steel for additive manufacturing
is due to several factors, such as the high thermal conductivity of AISI 316L, which fa-
vors dissipating heat generated during the printing process, preventing excessive thermal
gradients, and minimizing thermal stresses.

The solidification behavior of AISI 316L, particularly its solidification rate, makes
it suitable for Additive Manufacturing thanks to the possibility of achieving the desired
microstructure and mechanical properties.

It has compatibility with additive manufacturing techniques, including powder bed
fusion (PBF), directed energy deposition (DED), and binder jetting.

The good mechanical properties, including good strength, ductility, and corrosion
resistance, make it suitable for a wide range of industries, including the aerospace field,
prosthetic field, petrochemical field, and automotive field. The author has proposed a
critical review of the AISI 316L state of the art, along with their applications, benefits, and
the problems associated with the microstructures and mechanical properties. In addition,
the main challenges with AISI 316L AM techniques, such as defect-mitigation strategy,
surface quality, heat treatment, and other common problems identified from the literature,
are presented. Overall, this paper provides a comprehensive outlook on AISI 316L AM
techniques, challenges, and future research directions.

2. AM Technologies for AISI 316L

Additive manufacturing for metals, listed in the international standard ISO/ASTM
52900 [46,69], includes different types of processes, including Directed Energy Deposi-
tion (DED), Powder Bed Fusion (PBF), Fused Deposition Modeling (FDM) and Binder
Jetting (BJ). Some of these processes are not yet at a technology readiness level (TRL) such
as to guarantee the industrial production of components with high performance, while
other technologies, such as PBF or DED, allow obtaining a full-density component with
mechanical properties close to traditional processing.
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2.1. Powder Bed Fusion (PBF) Technology

The PBF technology is a process that involves spreading a layer of powdered material,
such as metal or plastic, over a build platform. It can be divided into L-PBF (Figure 2a) if it
uses a high-powered laser to melt the powder or EB-PBF (Figure 2b) if it uses an electron
beam to selectively melt the powder, fusing it together to form a solid layer. This process is
repeated, with additional layers of powder being added and melted until the desired object
is complete.
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The L-PBF technology uses high-power lasers to melt and solidify layers of metal
powder placed on the work flat [71], according to the CAD design. The laser scanning
strategy, laser speed and power, layer thickness, inert atmosphere, and various other
parameters are selected by the user and must be optimized for the materials and system
used [72]. Although L-PBF is known to produce fully dense components with high precision
in a relatively short time [73], the manufacturing process is relatively expensive and is
applicable only in industries with high-value components and where higher performance
may result in a reduction of costs, such as the aerospace industry.
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Selective Laser Melting (SLM) is the most used technique to print AISI 316L. Suryawan-
shi et al. [74] have evaluated the tensile, fracture, and fatigue crack growth properties
of SLM 316L stainless steel compared with those of conventionally manufactured (CM)
austenitic SSs. The experimental results show that the SLM alloys’ yield strength is sig-
nificantly higher than that of CM 316L SS, a result of the substantial refinement in the
microstructure. On the other hand, only a marginal improvement in the ultimate tensile
strength and a marked reduction in ductility are attributed to the absence of stress-induced
martensitic transformation common in CM austenitic SSs. Siri et al. [75] have studied the
effect of high-temperature oxidation on AISI 316L stainless steel additively manufactured
by selective laser melting (SLM) for 100 h at temperatures between 700 and 1000 ◦C in
dry air and compared to that of wrought samples. Thermogravimetric analyses showed
slower kinetics for SLM samples than for conventional coupons. In addition, SLM samples
exhibit parabolic kinetics for all the studied temperatures, while conventional coupons
present complete laws above 800 ◦C. Rosa et al. [76] have used the Selective Laser Melting
(SLM) to produce 316L specimens including lattice structures with the aim of exploring the
possibility given by additive manufacturing technologies to produce parts with increased
damping capacity, especially in relation to their weight. The internal friction of bulk and
lattice specimens was measured in terms of the delay between stress and deformation for
different applied loads and frequencies.

As already mentioned, another PBF technique is Electron Beam Melting (EBM), which,
thanks to the use of an electron beam to melt the metal powders, allows printing high-
melting-point materials, such as titanium, which cannot be easily melted with other AM
technologies. Even AISI 316L can be printed with the EBM technique, as demonstrated
by the scientific literature [77,78]. Wang et al. [79] have presented an experimental study
of process optimization of critical parameters for stainless steel 316 L parts additively
manufactured via selective electron beam melting (SEBM). Tensile test results showed
that most of the SEBM-built SS316L samples exhibit higher tensile strengths than the
conventional cast and wrought counterparts, whereas their ductility is lower. In addition,
strong anisotropic tensile properties are observed for the SEBM-built AISI 316L samples.

2.2. Directed Energy Deposition (DED) Technology

Another technology that uses AISI 316 L to produce components in additive manu-
facturing is Directed Energy Deposition (DED) [80–82], which, although it uses a laser or
an electron beam, differs from powder bed techniques as the material is used as a wire or
powder placed directly on the component (Figure 3). The advantages of using the DED are
in producing large components or repairing existing ones. Moheimani et al. [83] have eval-
uated the role of substrate preheating on the microstructure, hardness, surface roughness,
and mechanical properties of AISI 316L samples obtained by DED, confirming that the
use of a preheated substrate respect to the cold one led to a lower thermal gradient, lower
cooling rate, higher inclusion content, higher oxygen pick-up, and lower nitrogen pick-up
that strongly affected the mechanical characteristics of the AISI 316L samples. Azinpour
et al. [84] have proposed a numerical method to predict the material failure induced by
porosity evolution through the micro-void growth mechanism. The performance of the
numerical model is assessed via material deformation analysis, including initiation and
propagation of cracks, which are found to be in good agreement with the experimental and
fractographic observations from AISI 316L samples obtained by directed energy deposition
(DED). On the other hand, Xu et al. [85] optimized the overlap ratio to adjust grain mor-
phology and improve the mechanical properties of 316L stainless steel fabricated by direct
energy deposition (DED). By optimizing process parameters (such as overlap ratio, laser
power, and scanning speed), the penetrating-columnar-grains morphology is eliminated,
and a fully dense (>99.9%) DED-316L with finer grains is achieved.
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2.3. Binder Jetting (BJ) Tehcnology

In the binder jetting (BJ) process (Figure 4), no power heat source is used, and thus
manufactured parts have no residual stresses as opposed to laser-based additive manufac-
turing processes. Due to the absence of rapid melting and solidification steps, this technique
is becoming increasingly important in the scenario of metal additive manufacturing pro-
cesses. However, this technology requires considering the effects of powder wettability
with the binder and sinterability of the material to achieve desirable mechanical properties.
As mentioned above for other techniques, one of the most used types of stainless steels is
AISI 316L, which has been extensively manufactured using BJ, obtaining, in some cases,
parts near full density and mechanical properties compared to traditionally manufactured
parts [86–88]. Lecis et al. [89] have explored the effects of different processes and thermal
parameters on the porosity and mechanical properties of binder jetted AISI 316L samples.
The effect of the layer thickness and binder saturation were investigated at the green and
sintered stages via microstructural and compositional analysis and mechanical characteri-
zation. The 316L steel produced in this work by binder jetting exhibited a fine equiaxed
microstructure, tensile strength values comparable to those of cast products and superior
ductility compared to other additive techniques. Cai et al. [90] have studied the application
of an environmentally friendly PVA-based binder with high water content (up to 80%).
The developed binder with high wettability enabled good bonding between the powder
layers. A fully dense AISI 316L part with low carbon and oxygen residuals was obtained by
continuous debinding–sintering treatment. Fine equiaxed grains were found in the sintered
sample, leading to a high ultimate tensile stress and elongation.
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2.4. Fused Deposition Modeling (FDM) Technology

In recent years, in addition to the common methods like PBF and DED, low-cost
AM techniques have been applied to produce metal components, including Fused De-
position Modeling (FDM) (Figure 5), which is typically used with polymeric materials.
Using a metal–polymer composite filament characterized by a homogenous mixture of
metal powders and polymeric matrix, it is also possible to obtain components of complex
geometry, which, however, require a post-processing phase to eliminate the polymeric
part. Also, in this case, AISI 316L is widely used with FDM technology, as demonstrated
by the scientific bibliography reported [91,92]. Carminati et al. [93] have investigated the
mechanical properties of AISI 316L samples printed using the metal FDM process. The test
results have indicated that metal material extrusion seems to be a promising technology
for producing non-critical metallic parts that require good mechanical properties, good
corrosion resistance, and complex shapes, such as chemical tanks, heat exchangers, and
medical instruments. Quarto et al. [94] have investigated the possible influence of some
relevant FDM printing parameters on dimensional shrinkage and bulk density of the metal
samples. The experimental analysis was conducted by means of a statistical method and
showed that the samples with the worst bulk density showed a higher percentage of opened
porosity, while the percentage of opened porosity for samples with the best combination of
process parameters was less than 3%.
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2.5. Emerging Technologies

There are other techniques to print AISI 316L, like the wire arc additive manufacturing
process (WAAM) [96,97], but they all have advantages and disadvantages with respect to
the quality of the result in terms of the microstructure [98], mechanical properties, presence
of residual stresses due to fusion processes, as demonstrated by Rodrigues et al. [99], and
so on. Ozsoy et al. [100] have studied the combination of wire arc additive manufacturing
(WAAM) and laser powder bed fusion (L-PBF) utilizing dissimilar metals. In particular, the
authors have performed the deposition of AISI 316L stainless steel on previously L-PBF
manufactured 17-4 PH stainless steel using the WAAM process. Tensile tests conducted
on the specimens extracted from the L-PBF/WAAM interface showed a ductile fracture
from the WAAM region, validating the strength of the interface. Hietala et al. [101] have
evaluated the mechanical properties of AISI 316L printed via the WAAM process. They
have shown that the tensile strength in the deposition direction was greater than in the build
direction, which is explained by the anisotropy generated in the deposition. Furthermore,
the results revealed that the fatigue limit of the WAAM 316L is comparable to that of 316L
sheet metal. Table 2 reports a comparison between the different AM technologies used to
print AISI 316L components in terms of mechanical properties, microstructure, and cost.

Table 2. Effect of AM technologies on microstructure and mechanical properties.

Techniques Mechanical Properties Microstructure Ref

Yield Strength (MPa) Ultimate Strength (MPa) Hardness

DED 352 536 Columnar and equiaxed grain [102]

EBM 253 509 Columnar grain microstrutture [103]

SLM 172 482 77 Columnar grain microstrutture [104]

FDM 142 427 Layered microstructure [92]

BJ 214 517 66 Fine equiaxed grain
microstructure [86]

The following paragraphs are dedicated to the analysis of the microstructure of the
components obtained by AM, the mechanical properties, and the fields of application. It
is necessary to underline that despite the large growth of additive technologies and their
application, many challenges still remain to obtain products equivalent to those obtained
with traditional methods.

3. Microstructure Defects in AM AISI 316L

Although metal additive manufacturing has become widespread in recent years, be-
coming an alternative to traditional processes on certain occasions, it is still in its early
stages of development, and the fundamental processing–microstructure–property relation-
ships are not fully understood by researchers and manufacturers. Without optimization of
parameters and printing conditions, defects can often arise in parts produced with AM,
leading to failure of the components thus produced. The microstructure has a direct effect
on the physical and mechanical properties of a material, and several studies have been
conducted on the correlation between the microstructure and the effects of manufacturing
parameters [85,105,106]. In this paragraph, the author has proposed an overview of the
typical defects that occur in the austenitic steel AISI 316L, also underlining the influence of
the different additive manufacturing techniques on the microstructure features.

3.1. Lack of Fusion and Keyhole Collapse

One of the defects that most affect the metal structures obtained by additive manufac-
turing is the lack of fusion (LoF) [107,108]. Especially for techniques using layer-by-layer
deposition (PBF and DED) and localized melting, these defects can occur and affect the
structural integrity and mechanical properties of the component. Lack of fusion (LoF)
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(Figure 6) is often due to insufficient laser energy input, and defects form where the layer is
not fully fused with the underlying layer. In many cases, an LoF defect contains numerous
un-melted metal powders, as shown in Figure 6a [109]. There are two types of LoF defects:
(1) defects with un-melted metal powders in Figure 6a, and (2) poor bonding defects due to
insufficient molten metal during a solidification process, as shown in Figure 6b.
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Mukherjee et al. [111] have developed a methodology to predict and prevent these
defects based on a numerical heat transfer and fluid flow model for the laser powder bed
fusion (PBF) additive manufacturing (AM), while Khairallah et al. [112] have demonstrated
the significant effect of the recoil pressure and Marangoni convection in laser powder bed
fusion (L-PBF) of 316L stainless steel, using a three-dimensional high fidelity powder-scale
model to reveal how the strong dynamical melt flow generates pore defects, material
spattering, and denudation zones. If too high a laser power density is used in the melting
process, there is a risk of developing a keyhole defect (Figure 7). Without careful control
of keyhole mode melting, keyholes can become unstable and repeatedly form and col-
lapse, leaving voids within the deposit consisting of trapped vapor [113,114]. These pores
act as stress concentrators and have a negative effect on the mechanical behavior of the
material [115].
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3.2. Gas Porosity

The defects classified as porosity are essentially of two types. The first is the porosity
induced by lack of fusion (LoF), which has already been analyzed in the previous paragraph,
while the second type of porosity is induced by gaseous inclusions and can be recognized
by its spherical shape (Figure 8). AM techniques using laser methods (SLM) often employ
an inert shielding gas to prevent contamination of the molten pool or hot solidified metal,
while in the case of an electron beam (EBM), it is performed in a vacuum or under an
inert gas such as helium (He). Obviously, inert gases are insoluble in liquid metals [117],
and this is often the cause of porosity. However, depending on the type of alloy used, it
may be better to adopt one type of gas rather than another, as demonstrated by Elmer
et al. [118], who have shown in the case of austenitic steels that using nitrogen (N2) reduces
the porosity compared to the use of argon (Ar).
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There are several ways to study the percentage porosity of a material. The Archimedes
method [120] is the simplest non-destructive method for measuring the porosity of an entire
specimen. However, to study the shape, size, and distribution of pores, it is necessary to use
methods such as light microscopy, electron microscopy (SEM), or computer tomography.
Ziółkowski et al. [121] have examined the possibility and accuracy of the application of
the non-destructive XCT method for discontinuity and porosity detection in parts made of
316L stainless steel powder produced by SLM and have demonstrated that the accuracy of
the XCT method strongly depends on the size of the samples analyzed. Jaskari et al. [122]
have evaluated the effects of melting parameters and surface quality on the bending fatigue
strength of SLM-manufactured AISI 316L austenitic stainless steel. Two sets of specimens
were manufactured, changing printing parameters, and the specimens were heat-treated
to relieve the residual stresses. They have found that although the higher strength of the
low-energy-density specimens increased the fatigue limit, the surface finish did not have
any effect on it due to a high amount of porosity at sub-surface layers masking the effect of
surface polishing.

3.3. Surface Quality

As is known, the surface quality affects the mechanical properties of the component,
in particular the fatigue properties [123] and the tribological behavior, but it also affects
geometric aspects such as dimensional tolerance. Factors contributing to surface quality
for powder-based systems include the alloy type, powder shape, size and morphology,
printing direction, as well as laser or electron beam focal spot sizes and other process
and design parameters. As stated above, wire-based processes with high deposition rates
and capable of producing large components require large molten pools and feature large
layered weld beads with correspondingly rough beaded surfaces. Shapes deposited using
wire feedstock often require machining to achieve the desired net shape, while powder-
based processes often produce shapes and features that require little finishing to achieve
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a functional form [113]. Furthermore, even down skin surfaces represent critical areas
for the accumulation of defects, most often due to printing conditions (Figure 9). Solberg
et al. [124] have investigated the fatigue behavior of additively manufactured (AM) 316L
stainless steel related to internal porosity and surface roughness. They found that at low
applied load levels and a high number of cycles, fatigue is initiated from defects in the
surface region, while for high load levels, fatigue is initiated from internal defects.
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3.4. Solidification Cracking and Residual Stresses

Residual stresses and thermal deformations are a direct consequence of AM technolo-
gies, which involve the deposition of powders or liquid metal on a previously deposited
layer that is relatively colder. Residual stresses represent one of the main problems of the
technology, as they represent an intrinsic limitation of the additive deposition method
and can lead to part distortion, loss of geometric tolerance, and delamination of layers
during deposition (Figure 10a) [125,126]. Simson et al. [127]. have investigated the effect
of residual stress on austenitic stainless steel AISI 316L obtained through selective laser
melting (SLM). They have evaluated that at sufficiently large distances from the top surface,
the stresses in the area of the edge layer initially increase strongly and then decline again.
The value and orientation of the resulting main stress components are dependent on the
examined layer. They also showed that at samples with a relative structural density of
>99%, the residual stress values are independent of the applied energy density. Another
important aspect affecting the mechanical properties of the material is that during the
additive manufacturing of AISI 316 L stainless steel, the heating and cooling cycles from
selective laser melting are responsible for the grains’ growth (Figure 10b) and the grain
anisotropy in the “as built” condition [128,129].
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Identifying appropriate strategies, such as the substrate preheat temperature, to miti-
gate residual stresses and stress-induced problems remains the major guiding goal for both
computational and experimental studies [131–133].

3.5. Influence of Printing Parameters and Mitigation Strategies

Printing parameters play a crucial role in additive manufacturing (AM) processes [134–136].
These parameters determine the quality [32], accuracy [137], and mechanical properties of the
printed components [110]. By changing the printing temperature, laser power, deposition
speed, extrusion/deposition temperature, cooling system, infill pattern, printing orienta-
tion, and so on, it is possible to affect the final result in terms of layer adhesion [48], wall
thickness, structural density [94], surface quality [119], anisotropy of mechanical behavior,
and so on. It is important to point out that the impact of each parameter varies depending
on the specific AM technologies [138], materials, and desired outcomes. Experimentation,
iteration, and adjusting the parameters based on feedback and results are essential for
achieving the desired quality and properties. Defect identification and mitigation is an
important aspect of metal additive manufacturing to improve part quality and performance.
Referring to AISI 316L AM technologies, as discussed by Mostafaei et al. [139], the printing
parameters are associated with the formation of defects during the printing process. There
are three main groups, including powder spreading dynamics and anomalies, steady-state
conditions for defect generation, and location-specific conditions for defect formation in
the metal AM process. The first issues occur during the powder dispensing step, where
defects formed on the bed of the powder and bed quality, such as uniformity and powder
packing density, are affected. The second and third kinds of defects form during heat
source–powder interaction. If a steady-state behavior of the vapor depression is considered
in the melt pool area, three main defects may be generated, such as LOF and keyhole pores,
which all mostly depend on the laser power and scan speed. However, the AM processes
necessarily contain many areas where these conditions are no longer true. Thus, other
defects and issues may form under non-steady-state conditions, such as residual stress,
cracking and delamination, geometrical defects, dimensional inaccuracy, surface roughness,
microstructural inhomogeneities, impurity and inclusion formation, and loss of alloying
elements. Table 3 reports the typical defects in AM AISI 316L and the mitigation strategies.
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Table 3. Defect type and mitigations.

Techniques Defect Type Mitigation Strategies Ref

DED Porosity and less integral
metallurgical bonds

- Increase interlayer time intervals [80]

EBM Strain-aging cracking - Solutionizing treatment for base metal [140]

SLM Residual stress and cracking
- Adopting high preheat temperature
- Using short scan vectors [141]

SLM Cracking

- Developing a process window for hatch
spacing and laser exposure time

- Undergoing HIP post-treatment
[142]

BJ Surface roughness - Boron additive addition [143]

BJ Surface roughness - Mono-size powder [86]

4. Mechanical Properties

The mechanical properties represent the main indicator for evaluating the quality of
the material, and in particular, in the case of materials obtained in additive manufacturing,
the comparison of their mechanical properties with those of the same material obtained with
traditional methods [144] allows us to evaluate how much the printing process influences
the performance of the final product. As pointed out in the previous paragraph, the
mechanical properties of the AM material are strictly related to the microstructure and,
consequently, to the printing parameters. In this paragraph, the author documents how
the material properties such as hardness, ultimate tensile strength, corrosion resistance, or
fatigue life of AM AISI 316L are influenced by the structural defects induced by the type of
additive manufacturing technique used.

4.1. Hardness

The hardness of AM AISI 316L depends on various factors, such as the specific additive
manufacturing process, process parameters, post-processing techniques, and the quality
of the final part. In general, AM AISI 316L tends to exhibit comparable or slightly higher
hardness compared to conventionally manufactured 316L stainless steel.

Britt et al. [145] have evaluated the hardness in different AM 316L specimens, showing
no significant variation in hardness changing the thickness of the specimens maintaining the
same printing parameters. However, specimens obtained with different process parameters
displayed a statistically significant variation in hardness compared to the other parameter
sets. Bartolomeu et al. [146] have shown variation in hardness between SLM, hot pressing,
and conventional casting AISI 316L specimens. In particular, SLM specimens showed a
higher value in hardness compared to the other techniques. The same results have been
confirmed by Sun et al. [147], who performed microhardness tests on solid and completely
fused regions, which showed that all the SLM samples possess a similar hardness value
of 230–240 H, which is higher than the hardness of the standard bulk AISI 316L stainless
steel (185 HV).

4.2. Corrosion Resistance

Also, for corrosion resistance, the printing process introduces intrinsic problems to the
technology that are not easily solved. For example, one of the criticalities of the current
L-PBF technology, which is not easily eliminated, concerns the mechanism of the “vapour
pressure” of the elements, which determines the selective vaporization of the elements, such
as Chromium (Cr) and Manganese (Mn) in the AISI 316L, resulting in different chemical
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compositions between the surface and the core of the piece, and also different from the
powder [112,148,149]. Santonocito et al. [110] have demonstrated the difference in corrosion
behavior between the AISI 316L specimen obtained by the turning process and the AM ones.
As shown in Figure 11, the polarization curve of AM AISI 316L (red curve) never reaches
passivation, thus demonstrating that the material is subject to corrosive phenomena.
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Bassis et al. [150] have studied the effect of a slow strain rate on the stress corrosion
resistance of AISI 316L produced by the wire laser additive manufacturing process, showing
that the corrosion performance of the WLAM samples is lesser than the counterpart AISI
316L alloy, as expressed in the potentiodynamic polarization analysis. Bae et al. [151] have
investigated the corrosion resistance of L-PBF AISI 316L stainless steel and the effect of heat
treatment in comparison with cold-rolled AISI 316L. As it has been demonstrated, the SLM-
fabricated AISI 316L materials with sub-grain cells have excellent corrosion and oxidation
resistance due to their higher chemical stability compared with conventional cold-rolled
SS316L. However, due to the post-heat-treatment, an amount of the local alloy element
concentrates at the sub-grain cell are removed, and the stable amount of Cr2O3 for the oxide
film formed on the surface is reduced, thereby reducing corrosion and oxidation resistance.

4.3. Tensile and Fatigue Properties

The mechanical response of the materials, in particular, the ultimate tensile strength
and fatigue behavior, are among the most investigated characteristics because they pro-
vide information on the reliability and durability of the material, and in particular, with
reference to additive manufacturing, they represent a quality index of the printing process
both in comparison with traditional methods and as a comparison between the various
technologies. As mentioned several times in this review work, the materials obtained by
the additive technique are subject to structural defects that affect the mechanical properties.
These flaws are not only intrinsic to AM but often change according to the AM technology
used. As pointed out by Debroy et al. [113], in AISI 316L made by DED, the ultimate
tensile strength decreases with increasing linear heat input, but no clear trend is found in
ultimate tensile strengths as a function of the volumetric heat input. Lower linear heat
inputs result in smaller melt pools, higher thermal gradients, and therefore fast cooling
rates and fine microstructures, leading to higher ultimate tensile strengths compared to
components made with higher linear heat inputs [102,152]. In AISI 316L made by PBF, no
clear trend can be identified in ultimate tensile strengths as a function of linear or volumet-
ric heat input. In the PBF technique, the thermal history of the components being fabricated
depends on the scan strategy, which is not easy to detect. However, scan strategies vary
between studies based on multiple samples being fabricated on the same build plate and
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the orientation of the samples [153,154]. The variation in scan strategy, as well as any
variation in laser spot size or build preheating, is at least partially responsible for the lack
of clear trends. Werner et al. [155] have compared the fatigue properties (high and low
cycle fatigue) between the additively manufactured AISI 316L (L-PBF) and the wrought
steel both subjected to heat treatment, showing higher fatigue limit and better finite life
performance of AM AISI 316L. Likewise, Ponticelli et al. [156] have investigated the L-PBF
AISI 316L specimens with a quasi-static tensile test, proving that L-PBF specimens have
lower elastic modulus but higher ultimate tensile strength than the original bulk material,
whereby the results evidence a strong anisotropy related to the building orientation. Inter-
nal defects and building orientation are found to strongly affect the fatigue behavior, with
the fatigue limit lowered from 50% of the ultimate strength of the bulk material down to
20% for the L-PBF specimens. Blinn et al. [157] have evaluated the relationships between
AM processes, the microstructure, and the mechanical properties of AISI 316L material
manufactured using different AM and traditional processes. The authors showed that the
austenite stability and building directions affected the fatigue properties of the different
AISI 316L specimens, while no significant influence of the heat treatment on the anisotropic
behavior of the AM-specimens was assessed. To evaluate the fatigue behavior of AM AISI
316L, energy methods have also been used, as reported by Santonocito et al. [158], who
used the thermographic method (TM) to derive in a very rapid way the SN curve and
fatigue limit of the material monitoring its energetic release during fatigue tests.

5. Applications

AISI 316L stainless steel is the most commonly used austenitic stainless steel after
AISI 304L stainless steel. As investigated by Kernel et al. [159] in a study based on an
electrochemical comparison between these two steels, the addition of molybdenum pro-
vides greater corrosion resistance than 304L. Therefore, AISI 316L finds its main application
where the resistance to localized attack by chlorides and to general corrosion by reducing
acids, such as sulfuric acid, is of fundamental importance. This material is commonly
used in the petrochemical and chemical industries, where corrosion resistance at high
temperatures is required [160]. In fact, due to its superior strength, resistance to high
temperatures, and anticorrosive qualities, particularly in harsh environments, it is widely
used in nuclear reactors [161–165], boilers [166–168], pipelines [169,170], heat exchang-
ers [171–173], furnaces [174,175], and the oil and gas and chemical industries [176]. Due to
the high mechanical strength and corrosion resistance, AISI 316L stainless steel is also used
as a filter in food processing industries, where the stainless steel filters are subjected to
severe conditions associated with the removal of solid particles from fluids [177–179]. In the
pharmaceutical industry, stainless steels like AISI 316L are cheap and easy to process and, in
addition, enhance structural and corrosion resistance. Its main application regards medical
devices and implants, such as artificial joints, where the corrosion process due to the body’s
fluid environment results in accelerated deterioration of the surface performance of the
implant [180–182]. AISI has also been extensively used in the biomedical industry due to
its excellent biocompatibility and corrosion resistance [183,184]. AM AISI 316L has shown
promising results in the production of complex geometries and personalized biomedical
implants, such as orthopedic and dental implants, enabling better patient-specific fit and
function [185–188]. Considering also both onshore and offshore marine applications, AISI
316L stainless steel has played an important role in fabricating thousands of tonnage marine
structures and machinery successfully over the past few decades [189]. Materials like that
are mainly used in the fabrication of offshore oil and gas pipelines [190–193], offshore ocean
mining machinery [194,195], chemical tankers in ships [196,197], as well as in architecture
offshore environments like the construction of bridges in cold countries. The recent trends
regarding Battery Electric Vehicle (BEV) and fuel cells make AISI 316L also suitable for
automotive applications [198,199]. Taking into account all the considerations above and
the available literature, Figure 12 summarizes the main filed of applications in which AISI
316L takes place.
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6. Challenges and Future Trends

AM is a process of creating parts from a 3D CAD model. As extensively highlighted in
this work, AM has many potential advantages but also numerous barriers and challenges
that researchers and manufacturers are trying to solve. Regardless of the type of technology
used, AM represents a disruptive technology from the point of view of the evolution
of the productive idea. The ability to create geometrically complex and customizable
shapes and to easily modify the prototypes by acting on the CAD drawing represents,
together with the savings in terms of material used and, therefore, sustainability, the
innovative and advantageous aspects of AM technology. However, today, there are still
numerous challenges that must be addressed and overcome by the scientific community
and manufacturers, including:

� The high manufacturing time and therefore the low production volumes, which make
AM suitable today for particular markets such as aerospace or prosthetics.

� The surface quality of the finished components, which is a function of the layer
resolution. While a higher layer resolution provides a better surface finish, it greatly
increases the total build time.

� The limited variety of materials that can be used in AM units, with the difficulty
of printing multiple materials simultaneously, limit the use of this technology to
particular sectors.

� The need for post-processing treatments to eliminate excess material, supports, resid-
ual stresses and, where possible, improve the surface finish, represent a barrier to
AM accessibility.

Future efforts of the scientific community could focus on the search for appropriate
modifications to the printing process to mitigate or eliminate the effects of the building di-
rection and, therefore, the anisotropy of the printed components. To meet the requirements
of advanced applications, the AM product must have superior qualities in terms of internal
residual stresses of the material, surface finish, internal defects, and modification of the
chemical composition of the alloy due to the printing process. In a historical period in
which raw materials are increasingly difficult to find, and the sustainability of production
has become one of the main objectives, the hoped-for future for this technology is an
on-demand production which makes it possible to make the industry sustainable from the
point of view of the reduction of waste of raw materials, of overproduction and storage of
components, and of environmental impact associated with the reduction in transport.
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123. Karakaş, Ö.; Kardeş, F.B.; Foti, P.; Berto, F. An Overview of Factors Affecting High-Cycle Fatigue of Additive Manufacturing
Metals. Fatigue Fract. Eng. Mater. Struct. 2023, 46, 1649–1668. [CrossRef]

124. Solberg, K.; Guan, S.; Razavi, S.M.J.; Welo, T.; Chan, K.C.; Berto, F. Fatigue of Additively Manufactured 316L Stainless Steel: The
Influence of Porosity and Surface Roughness. Fatigue Fract. Eng. Mater. Struct. 2019, 42, 2043–2052. [CrossRef]

125. Mercelis, P.; Kruth, J.P. Residual Stresses in Selective Laser Sintering and Selective Laser Melting. Rapid Prototyp. J. 2006, 12,
254–265. [CrossRef]

126. Chen, S.; Gao, H.; Zhang, Y.; Wu, Q.; Gao, Z.; Zhou, X. Review on Residual Stresses in Metal Additive Manufacturing: Formation
Mechanisms, Parameter Dependencies, Prediction and Control Approaches. J. Mater. Res. Technol. 2022, 17, 2950–2974. [CrossRef]

127. Simson, T.; Emmel, A.; Dwars, A.; Böhm, J. Residual Stress Measurements on AISI 316L Samples Manufactured by Selective Laser
Melting. Addit. Manuf. 2017, 17, 183–189. [CrossRef]

128. Wang, Q.; Zhang, S.; Zhang, C.H.; Wu, C.; Wang, J.; Chen, J.; Sun, Z. Microstructure Evolution and EBSD Analysis of a Graded
Steel Fabricated by Laser Additive Manufacturing. Vacuum 2017, 141, 68–81. [CrossRef]

129. Sander, G.; Babu, A.P.; Gao, X.; Jiang, D.; Birbilis, N. On the Effect of Build Orientation and Residual Stress on the Corrosion of
316L Stainless Steel Prepared by Selective Laser Melting. Corros. Sci. 2021, 179, 109149. [CrossRef]

130. Barroqueiro, B.; Andrade-Campos, A.; Valente, R.A.F.; Neto, V. Metal Additive Manufacturing Cycle in Aerospace Industry: A
Comprehensive Review. J. Manuf. Mater. Process. 2019, 3, 52. [CrossRef]

131. Hajnys, J.; Pagáč, M.; Měsíček, J.; Petru, J.; Król, M. Influence of Scanning Strategy Parameters on Residual Stress in the SLM
Process According to the Bridge Curvature Method for AISI 316L Stainless Steel. Materials 2020, 13, 1659. [CrossRef]

132. Vinoth Jebaraj, A.; Sugavaneswaran, M. Influence of Shot Peening on Residual Stress Distribution and Corrosion Resistance of
Additive Manufactured Stainless Steel AISI 316L. Trans. Indian Inst. Met. 2019, 72, 1651–1653. [CrossRef]

https://doi.org/10.1007/s40964-019-00105-6
https://doi.org/10.1016/j.msea.2020.140002
https://doi.org/10.1016/j.addma.2022.103298
https://doi.org/10.1007/s10033-017-0121-5
https://doi.org/10.1111/ffe.13872
https://doi.org/10.1016/j.jmapro.2018.10.028
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.jmatprotec.2014.06.005
https://doi.org/10.1038/s41467-019-10009-2
https://www.ncbi.nlm.nih.gov/pubmed/31040270
https://doi.org/10.3390/met11101510
https://doi.org/10.1016/0921-5093(90)90328-Z
https://doi.org/10.3390/jmmp2020036
https://doi.org/10.6028/jres.119.019
https://doi.org/10.1016/j.acme.2014.02.003
https://doi.org/10.1016/j.promfg.2019.08.006
https://doi.org/10.1111/ffe.13967
https://doi.org/10.1111/ffe.13077
https://doi.org/10.1108/13552540610707013
https://doi.org/10.1016/j.jmrt.2022.02.054
https://doi.org/10.1016/j.addma.2017.07.007
https://doi.org/10.1016/j.vacuum.2017.03.021
https://doi.org/10.1016/j.corsci.2020.109149
https://doi.org/10.3390/jmmp3030052
https://doi.org/10.3390/ma13071659
https://doi.org/10.1007/s12666-019-01601-7


Metals 2023, 13, 1370 22 of 24

133. Castro, H.F.; Carvalho, A.R.F.; Leal, F.; Gouveia, H. Assessing Industry 4.0 Readiness of Portuguese Companies; Springer:
Berlin/Heidelberg, Germany, 2020; ISBN 9783030290405.

134. Khalid, M.; Peng, Q. Investigation of Printing Parameters of Additive Manufacturing Process for Sustainability Using Design of
Experiments. J. Mech. Des. 2021, 143, 32001. [CrossRef]

135. Ingrassia, T.; Nigrelli, V.; Ricotta, V.; Tartamella, C. Process Parameters Influence in Additive Manufacturing. In Proceedings
of the Advances on Mechanics, Design Engineering and Manufacturing: Proceedings of the International Joint Conference on
Mechanics, Design Engineering & Advanced Manufacturing (JCM 2016), Catania, Italy, 14–16 September 2016; pp. 261–270.
[CrossRef]

136. Ahmadi, M.; Tabary, S.A.A.B.; Rahmatabadi, D.; Ebrahimi, M.S.; Abrinia, K.; Hashemi, R. Review of Selective Laser Melting of
Magnesium Alloys: Advantages, Microstructure and Mechanical Characterizations, Defects, Challenges, and Applications. J.
Mater. Res. Technol. 2022, 19, 1537–1562. [CrossRef]

137. Fongsamootr, T.; Thawon, I.; Tippayawong, N.; Tippayawong, K.Y.; Suttakul, P. Effect of Print Parameters on Additive Manufac-
turing of Metallic Parts: Performance and Sustainability Aspects. Sci. Rep. 2022, 12, 19292. [CrossRef] [PubMed]

138. Zhao, L.; Santos Macías, J.G.; Dolimont, A.; Simar, A.; Rivière-Lorphèvre, E. Comparison of Residual Stresses Obtained by the
Crack Compliance Method for Parts Produced by Different Metal Additive Manufacturing Techniques and after Friction Stir
Processing. Addit. Manuf. 2020, 36, 101499. [CrossRef]

139. Mostafaei, A.; Zhao, C.; He, Y.; Reza Ghiaasiaan, S.; Shi, B.; Shao, S.; Shamsaei, N.; Wu, Z.; Kouraytem, N.; Sun, T.; et al. Defects
and Anomalies in Powder Bed Fusion Metal Additive Manufacturing. Curr. Opin. Solid State Mater. Sci. 2022, 26, 100974.
[CrossRef]

140. Hinojos, A.; Mireles, J.; Reichardt, A.; Frigola, P.; Hosemann, P.; Murr, L.E.; Wicker, R.B. Joining of Inconel 718 and 316 Stainless
Steel Using Electron Beam Melting Additive Manufacturing Technology. Mater. Des. 2016, 94, 17–27. [CrossRef]

141. Kruth, J.P.; Deckers, J.; Yasa, E.; Wauthlé, R. Assessing and Comparing Influencing Factors of Residual Stresses in Selective Laser
Melting Using a Novel Analysis Method. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2012, 226, 980–991. [CrossRef]

142. Röttger, A.; Geenen, K.; Windmann, M.; Binner, F.; Theisen, W. Comparison of Microstructure and Mechanical Properties of 316 L
Austenitic Steel Processed by Selective Laser Melting with Hot-Isostatic Pressed and Cast Material. Mater. Sci. Eng. A 2016, 678,
365–376. [CrossRef]

143. Do, T.; Bauder, T.J.; Suen, H.; Rego, K.; Yeom, J.; Kwon, P. Additively Manufactured Full-Density Stainless Steel 316L with Binder
Jet Printing. In Proceedings of the ASME 2018 13th International Manufacturing Science and Engineering Conference, College
Station, TX, USA, 18–22 June 2018; American Society of Mechanical Engineers; Volume 51357, p. V001T01A017.

144. D’Andrea, D.; Gatto, A.; Guglielmino, E.; Risitano, G.; Santonocito, D. A Comparison on Static and Fatigue Behaviour between
Traditional and SLM AISI 316L. J. Mech. Sci. Technol. 2022, 37, 1083–1088. [CrossRef]

145. Britt, C.; Montgomery, C.J.; Brand, M.J.; Liu, Z.K.; Carpenter, J.S.; Beese, A.M. Effect of Processing Parameters and Strut
Dimensions on the Microstructures and Hardness of Stainless Steel 316L Lattice-Emulating Structures Made by Powder Bed
Fusion. Addit. Manuf. 2021, 40, 101943. [CrossRef]

146. Bartolomeu, F.; Buciumeanu, M.; Pinto, E.; Alves, N.; Carvalho, O.; Silva, F.S.; Miranda, G. 316L Stainless Steel Mechanical and
Tribological Behavior—A Comparison between Selective Laser Melting, Hot Pressing and Conventional Casting. Addit. Manuf.
2017, 16, 81–89. [CrossRef]

147. Sun, Y.; Moroz, A.; Alrbaey, K. Sliding Wear Characteristics and Corrosion Behaviour of Selective Laser Melted 316L Stainless
Steel. J. Mater. Eng. Perform. 2014, 23, 518–526. [CrossRef]

148. Matthews, M.J.; Guss, G.; Khairallah, S.A.; Rubenchik, A.M.; Depond, P.J.; King, W.E. Denudation of Metal Powder Layers in
Laser Powder Bed Fusion Processes. Acta Mater. 2016, 114, 33–42. [CrossRef]

149. Guo, Q.; Zhao, C.; Escano, L.I.; Young, Z.; Xiong, L.; Fezzaa, K.; Everhart, W.; Brown, B.; Sun, T.; Chen, L. Transient Dynamics of
Powder Spattering in Laser Powder Bed Fusion Additive Manufacturing Process Revealed by In-Situ High-Speed High-Energy
x-Ray Imaging. Acta Mater. 2018, 151, 169–180. [CrossRef]

150. Bassis, M.; Kotliar, A.; Koltiar, R.; Ron, T.; Leon, A.; Shirizly, A.; Aghion, E. The Effect of a Slow Strain Rate on the Stress Corrosion
Resistance of Austenitic Stainless Steel Produced by the Wire Laser Additive Manufacturing Process. Metals 2021, 11, 1930.
[CrossRef]

151. Bae, K.; Shin, D.; Lee, J.; Kim, S.; Lee, W.; Jo, I.; Lee, J. Corrosion Resistance of Laser Powder Bed Fused AISI 316L Stainless Steel
and Effect of Direct Annealing. Materials 2022, 15, 6336. [CrossRef]

152. Ma, M.; Wang, Z.; Wang, D.; Zeng, X. Control of Shape and Performance for Direct Laser Fabrication of Precision Large-Scale
Metal Parts with 316L Stainless Steel. Opt. Laser Technol. 2013, 45, 209–216. [CrossRef]

153. Guan, K.; Wang, Z.; Gao, M.; Li, X.; Zeng, X. Effects of Processing Parameters on Tensile Properties of Selective Laser Melted 304
Stainless Steel. Mater. Des. 2013, 50, 581–586. [CrossRef]

154. Tolosa, I.; Garciandía, F.; Zubiri, F.; Zapirain, F.; Esnaola, A. Study of Mechanical Properties of AISI 316 Stainless Steel Processed
by “Selective Laser Melting”, Following Different Manufacturing Strategies. Int. J. Adv. Manuf. Technol. 2010, 51, 639–647.
[CrossRef]

155. Werner, T.; Madia, M.; Zerbst, U. Comparison of the Fatigue Behavior of Wrought and Additively Manufactured AISI 316L.
Procedia Struct. Integr. 2021, 38, 554–563. [CrossRef]

https://doi.org/10.1115/1.4049521
https://doi.org/10.1007/978-3-319-45781-9_27
https://doi.org/10.1016/j.jmrt.2022.05.102
https://doi.org/10.1038/s41598-022-22613-2
https://www.ncbi.nlm.nih.gov/pubmed/36369254
https://doi.org/10.1016/j.addma.2020.101499
https://doi.org/10.1016/j.cossms.2021.100974
https://doi.org/10.1016/j.matdes.2016.01.041
https://doi.org/10.1177/0954405412437085
https://doi.org/10.1016/j.msea.2016.10.012
https://doi.org/10.1007/s12206-022-2103-5
https://doi.org/10.1016/j.addma.2021.101943
https://doi.org/10.1016/j.addma.2017.05.007
https://doi.org/10.1007/s11665-013-0784-8
https://doi.org/10.1016/j.actamat.2016.05.017
https://doi.org/10.1016/j.actamat.2018.03.036
https://doi.org/10.3390/met11121930
https://doi.org/10.3390/ma15186336
https://doi.org/10.1016/j.optlastec.2012.07.002
https://doi.org/10.1016/j.matdes.2013.03.056
https://doi.org/10.1007/s00170-010-2631-5
https://doi.org/10.1016/j.prostr.2022.03.056


Metals 2023, 13, 1370 23 of 24

156. Ponticelli, G.S.; Panciroli, R.; Venettacci, S.; Tagliaferri, F.; Guarino, S. Experimental Investigation on the Fatigue Behavior of Laser
Powder Bed Fused 316L Stainless Steel. CIRP J. Manuf. Sci. Technol. 2022, 38, 787–800. [CrossRef]

157. Blinn, B.; Klein, M.; Gläßner, C.; Smaga, M.; Aurich, J.C.; Beck, T. An Investigation of the Microstructure and Fatigue Behavior of
Additively Manufactured AISI 316L Stainless Steel with Regard to the Influence of Heat Treatment. Metals 2018, 8, 220. [CrossRef]

158. Santonocito, D.; Gatto, A.; Risitano, G. Energy Release as a Parameter for Fatigue Design of Additive Manufactured Metals. Mater.
Des. Process. Commun. 2021, 3, e255. [CrossRef]

159. Kerner, Z.; Horváth, Á.; Nagy, G. Comparative Electrochemical Study of 08H18N10T, AISI 304 and AISI 316L Stainless Steels.
Electrochim. Acta 2007, 52, 7529–7537. [CrossRef]

160. La Barbera, A.; Mignone, A.; Tosto, S.; Vignaud, C. Electron Beam Cladding and Alloying of AISI 316 on Plain Carbon Steel:
Microstructure and Electrochemical Corrosion Behaviour. Surf. Coatings Technol. 1991, 46, 317–329. [CrossRef]

161. Li, Q.; Shen, Y.; Han, P. Serrated Flow Behavior of Aisi 316l Austenitic Stainless Steel for Nuclear Reactors. IOP Conf. Ser. Mater.
Sci. Eng. 2017, 250, 012013. [CrossRef]

162. Jafarpour, S.M.; Puth, A.; Dalke, A.; Böcker, J.; Pipa, A.V.; Röpcke, J.; van Helden, J.P.H.; Biermann, H. Solid Carbon Active Screen
Plasma Nitrocarburizing of AISI 316L Stainless Steel in Cold Wall Reactor: Influence of Plasma Conditions. J. Mater. Res. Technol.
2020, 9, 9195–9205. [CrossRef]

163. de Abreu Mendonça Schvartzman, M.M.; Quinan, M.A.D.; da Costa Campos, W.R.; Lima, L.I.L. Stress Corrosion Cracking of the
Aisi 316l Stainless Steel Haz in a Pwr Nuclear Reactor Environment. Weld. Int. 2011, 25, 15–23. [CrossRef]

164. Chen, C.J.; Wang, M.C.; Wang, D.S.; Liang, H.S.; Feng, P. Characterisations of Electrospark Deposition Stellite 6 Alloy Coating on
316L Sealed Valve Used in Nuclear Power Plant. Mater. Sci. Technol. 2010, 26, 276–280. [CrossRef]

165. Banerjee, A.; Ntovas, M.; Da Silva, L.; Rahimi, S. Microstructure and Mechanical Properties of Dissimilar Inertia Friction Welded
316L Stainless Steel to A516 Ferritic Steel for Potential Applications in Nuclear Reactors. Manuf. Lett. 2022, 33, 33–37. [CrossRef]

166. Muthu, S.M.; Mohana Bharathi, C.; Vishal Gukhan, N.; Vignesh Kumar, S.; Venkatesh Kannan, M.; Arivarasu, M.; Manikandan,
M.; Arivazhagan, N. Hot Corrosion Studies on Dissimilar Weldments C-22 and AISI 316L in the Molten Salt K2SO4 + 60%wt
NaCl Environment. Mater. Today Proc. 2018, 5, 13340–13346. [CrossRef]

167. Ghosh, N.; Kumar Pal, P.; Nandi, G.; Rudrapati, R. Parametric Optimization of Gas Metal Arc Welding Process by PCA Based
Taguchi Method on Austenitic Stainless Steel AISI 316L. Mater. Today Proc. 2018, 5, 1620–1625. [CrossRef]

168. Abass, M.H.; Alali, M.S.; Abbas, W.S.; Shehab, A.A. Study of Solidification Behaviour and Mechanical Properties of Arc Stud
Welded AISI 316L Stainless Steel. J. Achiev. Mater. Manuf. Eng. 2019, 97, 5–14. [CrossRef]

169. Sánchez-Tovar, R.; Montañés, M.T.; García-Antón, J. Effects of Microplasma Arc AISI 316L Welds on the Corrosion Behaviour of
Pipelines in LiBr Cooling Systems. Corros. Sci. 2013, 73, 365–374. [CrossRef]

170. Kožuh, S.; Gojić, L.V.; Ivković, B. Corrosion failure and microstructure analysis of AISI 316L stainless steels for ship pipeline
before and after welding. Kovove Mater. 2013, 51, 53–61. [CrossRef]

171. Tang, J.; Liu, M.; Huang, Y.; Liu, G.; Zang, J.; Liu, S. Effect of Manufacturing Deviations on the Thermohydraulic Performance of
Printed Circuit Heat Exchangers with Zigzag Channels. Appl. Therm. Eng. 2023, 219, 119496. [CrossRef]

172. Solano, J.P.; Martínez, D.S.; Vicente, P.G.; Viedma, A. Enhanced Thermal-Hydraulic Performance in Tubes of Reciprocating
Scraped Surface Heat Exchangers. Appl. Therm. Eng. 2023, 220, 119667. [CrossRef]

173. da Silva, R.P.P.; Mortean, M.V.V.; de Paiva, K.V.; Beckedorff, L.E.; Oliveira, J.L.G.; Brandão, F.G.; Monteiro, A.S.; Carvalho, C.S.;
Oliveira, H.R.; Borges, D.G.; et al. Thermal and Hydrodynamic Analysis of a Compact Heat Exchanger Produced by Additive
Manufacturing. Appl. Therm. Eng. 2021, 193, 116973. [CrossRef]

174. Petrescu, D.; Nitu, A.; Golgovici, F.; Demetrescu, I.; Corban, M. Behaviour Aspects of an EB-PVD Alumina (Al2O3) Film with an
Interlayer (NiCrAlY) Deposited on AISI 316L Steel Investigated in Liquid Lead. Metals 2023, 13, 616. [CrossRef]

175. Benes, L.; Mouralova, K.; Midula, P.; Snow, J.; Lysonkova, I.; Pilnaj, D.; Burdova, H.; Prokes, T.; Zahradnicek, R.; Fries, J.; et al.
The Corrosion Behavior of WEDM Machined Stainless Steels in a Pyrolysis Environment. Metals 2023, 13, 144. [CrossRef]

176. Silva, C.C.; Farias, J.P.; de Sant’Ana, H.B. Evaluation of AISI 316L Stainless Steel Welded Plates in Heavy Petroleum Environment.
Mater. Des. 2009, 30, 1581–1587. [CrossRef]

177. Zaffora, A.; Di Franco, F.; Santamaria, M. ScienceDirect Electrochemistry Corrosion of Stainless Steel in Food and Pharmaceutical
Industry. Curr. Opin. Electrochem. 2021, 29, 100760. [CrossRef]

178. Le Gentil, C.; Sylla, Y.; Faille, C. Bacterial Re-Contamination of Surfaces of Food Processing Lines during Cleaning in Place
Procedures. J. Food Eng. 2010, 96, 37–42. [CrossRef]

179. Gaylarde, C.C. Comparison of Sodium Hypochlorite and Peracetic Acid as Sanitising Agents for Stainless Steel Food Processing
Surfaces Using Epifluorescence Microscopy. Int. J. Food Microbiol. 2000, 61, 81–85.

180. Tiwari, S.K.; Mishra, T.; Gunjan, M.K.; Bhattacharyya, A.S.; Singh, T.B.; Singh, R. Development and Characterization of Sol—Gel
Silica—Alumina Composite Coatings on AISI 316L for Implant Applications. Surf. Coat. Technol. 2007, 201, 7582–7588. [CrossRef]

181. Hryniewicz, T.; Rokosz, K.; Filippi, M. Biomaterial Studies on AISI 316L Stainless Steel after Magnetoelectropolishing. Materials
2009, 2, 129–145. [CrossRef]

182. Muthukumaran, V.; Selladurai, V.; Nandhakumar, S.; Senthilkumar, M. Experimental Investigation on Corrosion and Hardness of
Ion Implanted AISI 316L Stainless Steel. Mater. Des. 2010, 31, 2813–2817. [CrossRef]

183. Lodhi, M.J.K.; Deen, K.M.; Greenlee-Wacker, M.C.; Haider, W. Additively Manufactured 316L Stainless Steel with Improved
Corrosion Resistance and Biological Response for Biomedical Applications. Addit. Manuf. 2019, 27, 8–19. [CrossRef]

https://doi.org/10.1016/j.cirpj.2022.07.007
https://doi.org/10.3390/met8040220
https://doi.org/10.1002/mdp2.255
https://doi.org/10.1016/j.electacta.2006.12.051
https://doi.org/10.1016/0257-8972(91)90174-U
https://doi.org/10.1088/1757-899X/250/1/012013
https://doi.org/10.1016/j.jmrt.2020.06.041
https://doi.org/10.1080/09507110903569073
https://doi.org/10.1179/174328409X430447
https://doi.org/10.1016/j.mfglet.2022.07.002
https://doi.org/10.1016/j.matpr.2018.02.326
https://doi.org/10.1016/j.matpr.2017.11.255
https://doi.org/10.5604/01.3001.0013.7944
https://doi.org/10.1016/j.corsci.2013.04.025
https://doi.org/10.4149/km_2013_1_53
https://doi.org/10.1016/j.applthermaleng.2022.119496
https://doi.org/10.1016/j.applthermaleng.2022.119667
https://doi.org/10.1016/j.applthermaleng.2021.116973
https://doi.org/10.3390/met13030616
https://doi.org/10.3390/met13010144
https://doi.org/10.1016/j.matdes.2008.07.050
https://doi.org/10.1016/j.coelec.2021.100760
https://doi.org/10.1016/j.jfoodeng.2009.06.040
https://doi.org/10.1016/j.surfcoat.2007.02.026
https://doi.org/10.3390/ma2010129
https://doi.org/10.1016/j.matdes.2010.01.007
https://doi.org/10.1016/j.addma.2019.02.005


Metals 2023, 13, 1370 24 of 24

184. Al-Mamun, N.S.; Mairaj Deen, K.; Haider, W.; Asselin, E.; Shabib, I. Corrosion Behavior and Biocompatibility of Additively
Manufactured 316L Stainless Steel in a Physiological Environment: The Effect of Citrate Ions. Addit. Manuf. 2020, 34, 101237.
[CrossRef]

185. Hao, L.; Dadbakhsh, S.; Seaman, O.; Felstead, M. Selective Laser Melting of a Stainless Steel and Hydroxyapatite Composite for
Load-Bearing Implant Development. J. Mater. Process. Technol. 2009, 209, 5793–5801. [CrossRef]

186. Wei, Q.; Li, S.; Han, C.; Li, W.; Cheng, L.; Hao, L.; Shi, Y. Selective Laser Melting of Stainless-Steel/Nano-Hydroxyapatite
Composites for Medical Applications: Microstructure, Element Distribution, Crack and Mechanical Properties. J. Mater. Process.
Technol. 2015, 222, 444–453. [CrossRef]
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