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Abstract: Metastable austenitic stainless steels (MASS) are widely used in various industrial applica-
tions due to their exceptional compromise between mechanical properties and corrosion resistance.
However, the mechanical properties of these materials can be further enhanced by surface treatments.
This paper reviews various surface treatment methodologies used to improve the mechanical proper-
ties of MASS, with particular attention to laser treatments. The effects of these surface treatments on
the microstructure and chemical composition in the thermal affected zone of the MASS are discussed,
and their impact on the material’s mechanical properties, such as hardness, tensile strength, and fa-
tigue life, are investigated in detail. Additionally, the paper highlights the limitations of these surface
treatments and points out some areas where further research is needed. The findings presented can
be used to guide the selection of appropriate surface treatment techniques for specific applications,
ultimately improving the performance and lifespan of MASS in various industrial settings.

Keywords: metastable austenitic stainless steels (MASS); transformation induce plasticity (TRIP)
steels; surface modification treatments; microstructure; mechanical properties

1. Introduction

Due to regulatory pressures and customer expectations, the automotive industry de-
signs its components to promote vehicle weight reduction, which is known to decrease
energy consumption and also greenhouse gas emissions in the case of combustion en-
gines [1]. It has been estimated that for every kilogram of weight saved in a combustion
vehicle, there is about 20 kg of carbon dioxide reduction [2]. Besides lightweight, forma-
bility, high mechanical strength, and energy absorption are the main requirements of the
automotive industry, which require applicability at high production rates and low cost [3].
All these factors have put pressure on car manufacturers to find the most suitable material
that can offer the lowest weight and price under service-like conditions [4]. This situation
has stimulated competition between manufacturers of different materials, not only metallic
alloys but also polymers and composites, to develop new grades and enhance the final
quality. In particular, steel companies are continuously trying to improve the mechanical
properties of conventional steels by combining different strengthening methods such as
grain size reduction, solid-solution strengthening, precipitation hardening, and texture opti-
mization [5]. Recently developed advanced high-strength steels (AHSS) present an optimal
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relationship between strength and formability thanks to their multiphasic microstructure,
like for example, in the metastable austenitic stainless steels (MASS). In this regard, MASS
includes some families where the materials under service-like working conditions induce
either phase transformation (transformation-induced plasticity, TRIP) and/or twin forma-
tion (twinning-induced plasticity, TWIP) [6]. The present review paper focuses to observe
the surface modification on TRIP steels; in particular to the austenite (γ-) to martensite (ε-
and/or α′-) phase transformation and their effect in terms of mechanical properties.

Within the aforementioned information, the material failures usually start on the
surface, due to the presence of superficial defects producing a reduction in the fatigue, wear,
and/or corrosion resistance [7,8]. In this sense, superficial treatments promoting surface
grain refinement at different length scales (also known as the nanostructuring process) lead
to effectively enhanced global behavior and particularly service lifetime of materials under
service-like working conditions [9]. A wide variety of surface nano-structuring techniques
commercially exist, such as mechanical, chemical, physical, thermal, electrochemical, and
most recently, the use of laser modification of metal surfaces. Focusing on MASS, this article
aims to review and explain the different surface modification techniques and subsequently
highlight the microstructural and mechanical effects induced by each technique at different
length scales. The main methods studied by scientists in this field during the last 23
years (from 2000 up to 2023) have been summarized in Figure 1 as a function of the
surface treatment employed. As it is shown in this representation, all the different surface
modification methods started to gain interest during the last decades due to the number of
manuscripts published in international journals increasing. However, laser treatment has
not been extensively used in this sector, and the interest is growing slowly compared with
the most commonly implemented techniques.
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Figure 1. (a) Evolution of the research papers published over the last 23 years and (b) summary of
the main published papers for the different surface modification techniques available in the literature
and employed in the industrial sector.

Numerous factors (for example: costs, surface modification speed, among others) are
the key parameters for correctly choosing the best surface treatment method for each specific
material and final application. Nowadays, the main techniques used at industrial level are
the thermal surface treatments and the grinding process (Figure 1a). Both techniques have
a growing interest due to inducing microstructural changes that consequently enhance the
mechanical properties of the investigated material [10]. On the other hand, mechanical
surface treatment techniques (i.e., shot-peening and sand-blasting, labelled as SP and
SB, respectively) are widely used in the industrial market, but the interest during the
period of interest remains constant, which highlights that both technologies are stable [11].
Currently, the laser surface treatment (LST) technique is starting to receive more interest in
this field [12]. Although the use of the laser method is faster compared with other surface
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modification techniques, the laser interaction with MASS presents unique challenges due
to its inherent material properties [13]. However, the preliminary results reported on
this method with the investigated material highlight a tremendous effect on the surface
structure, enhancing the fatigue and corrosion resistance thanks to the phase transformation,
from γ- to α′- and/or ε-martensite, induced near the affected zone [14].

Within the aforementioned information, this review has been divided into two differ-
ent sections: the initial section, where the theoretical background for the different surface
modification techniques is presented in detail, and subsequently, the second section, where
the main effects on the surface of MASS are presented; the microstructure and the mechani-
cal properties are the key parameters taken into consideration in this study.

2. Surface Treatment Methods: Theoretical Background

The different surface modification techniques can be classified into three main groups:
mechanical, chemical and electrochemical, and thermal methods, as summarized in Figure 2.
Furthermore, combinations of two or more treatments of each of the main groups are known
as mixed treatments. These combined treatments combine the main advantages of each
treatment to prove a final material with excellent mechanical and microstructural superficial
properties, which considerably enhance the lifetime of the treated tool and/or workpiece
under service-like working conditions.
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Table 1 compares the features of the three main categories related to the surface
modification methods, as described below:

(a) Mechanical methods result in increased surface hardness and then improve the
wear resistance of the treated materials. They are commonly used in manufacturing, tooling,
and automotive industries because they are simple, cost-effective, and can be performed on
a wide range of materials. Nevertheless, there is limited control over surface morphology
and composition, which can result in surface damage.

(b) Thermal methods are commonly used in aerospace, automotive, and biomedical
industries, for improving wear resistance. They offer precise control over surface mor-
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phology, composition, and microstructure; however, their application is limited by the
requirement for specialized equipment.

(c) Chemical and electrochemical methods are mainly used for corrosion protection
and improving biocompatibility. They provide a smooth surface finish but are limited to
certain types of implant materials [15] and require careful control of reaction conditions.

Table 1. Comparison of the three most used surface modification methods.

Surface
Modification

Method
Surface Quality Application Advantages Disadvantages

Mechanical
Increased surface

hardness, improved
wear resistance [16]

Manufacturing, tooling,
automotive

Simple and cost-effective,
can be performed on a

wide range of materials
[17–19]

Can result in surface
damage, limited control

over surface morphology
and composition [20]

Thermal

Controlled
microstructure,
improved wear

resistance

Aerospace, automotive,
biomedical [21]

Precise control over surface
morphology, composition,

and structure

Limited to certain material
types, requires specialized

equipment [22,23]

Chemical and
electrochemical Smooth surface finish

Corrosion protection,
improved

biocompatibility [24]

Good adhesion to
substrate, can selectively

modify surface
chemistry [25]

Limited to certain material
types, requires careful

control of reaction
conditions [26]

2.1. Mechanical Methods

Mechanical surface modification methods have been developed in order to improve
the mechanical properties of big workpieces with different dimensions and geometries. The
surface of each workpiece can be reinforced by changing the microstructure (i.e., refining
the grain size, inducing phase transformation, etc.) and the surface stress state (mainly
inducing compressive residual stresses), which will increase the fatigue, corrosion, and wear
resistance of the whole part [27]. These methods mainly reinforce the surface layer of the
workpiece by inducing plastic deformation (increasing the dislocation density in the region
near the surface that has been mechanically deformed) and as a direct consequence increase
the residual compressive stresses and, therefore, the mechanical properties of the deformed
region. Furthermore, due to these induced compressive residual stresses, the initiation
and growth of fatigue cracks can be delayed, improving the fatigue properties of the
workpiece [28]. The mechanical treatments that exist in the literature can be separated into
the following groups: shot peening, sand blasting, grinding, and ultrasonic nanocrystalline
surface modifications.

2.1.1. Shot Peening

The shot peening (SP) technique is the most common and used in the industry due to
its simplicity, cost-effectiveness, and reliability. However, the induced roughness of around
hundreds of micrometers [29] is not suitable for certain applications, such as engines for
the aerospace industry [30]. The SP technique is based on the collision between spherical
particles (also known as bullets), mainly glass, metal, or ceramic material (like alumina
“Al2O3”), and the surface of the part that is to be treated. The particles are shot at a relatively
high speed (values ranging between 40 and 90 m/s [31]) against the workpiece’s surface
and plastically deform the region of interest. Due to this process, the microstructure of the
material changes, and the deformed layer increases its hardness by strain hardening, as well
as the compressive residual stresses. This enhances the wear and corrosion resistance, and
delays crack propagation improving considerably the fatigue behavior under service-like
working conditions [7].
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In the literature, several alternative techniques based on the same working principle
can be found, such as air-blast shot peening (ABSP), rotationally accelerated shot peening
(RASP), surface mechanical attrition treatment (SMAT), and ultrasonic shot peening (USP).
In the ABSP methodology, particles with sizes between 0.25 and 1 mm are accelerated
by compressed air against the workpiece’s surface [32] while for the RASP treatment,
the particles are propelled by centrifugal wheel paddles. SMAT and USP are emerging
technologies, which are capable of inducing a nanostructured layer on the surface of the
metallic components and are commonly used in order to improve the fatigue resistance [33].
Both techniques induce multi-directional impacts because the collisions happen inside a
closed chamber. The achieved surface properties are mainly dependent on the vibration
frequency of the chamber, the processing time, and the size of the shot particles [29]. SMAT
has been recognized as a technique for upgrading the microstructures and properties
of materials by generating a gradient-structured layer on the material surface without
tampering with the local chemical compositions and near-surface compressive residual
stresses. In the case of USP, an ultrasonic generator with high power and frequency (around
0.6 kW and 20 kHz, respectively [34]) is used to move the particles, whose size ranges
between 1 and 5 mm in diameter. Figure 3 schematically displays the main differences
between SP and other mechanical methods presented along this region.

The SP process has been applied to MASS to analyze the expected strain-induced
martensite (α′- and/or ε-) after this mechanical treatment. In this context, Fargas et al. [35]
carried out an SP treatment on MASSs (particularly AISI 301LN) to evaluate the α′- and/or
ε-phase transformation and how it influenced the fatigue limit of the material. The effect
of SP was analyzed for the same steel grade but considering two pre-existing martensite
α′-phase contents: less than 3% for the annealed (A) condition and 38% for the cold rolled
(CR) material. Extensive γ- to α′-martensite phase transformation was measured for the A
condition after SP, reaching a rise up to 30%, whereas for CR specimens, the presence of
pre-existing α′-martensite strongly slowed down the proportion of α′-martensite induced
by SP. For the A specimens, similar fatigue behavior was observed after SP, in contrast to
significant improvements in the fatigue limit for the CR specimens [36].
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Figure 3. Schematic illustration of different surface severe plastic deformation (SPD) treatments
and the corresponding plastically deformed top surface of the target material: (a) shoot peening
(SP), (b) ultrasonic nanocrystalline surface modification (UNSM), and (c) laser shock peening (LSP)
processes (reproduced from Ref. [37], with permission from MDPI, 2022).
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2.1.2. Sand Blasting

Abrasive blasting, also known as sand blasting (SB), is a term used to describe the
process of smoothing, shaping, and cleaning hard surfaces by applying high-pressure solid
particles to the surface of interest (Figure 4). SB equipment is usually housed in a chamber
and mixed with air pressure, and then directed to the surface of the workpiece at a very
high speed through a movable nozzle. This nozzle comes in a variety of shapes, sizes, and
materials. Boron carbide is the most applied nozzle because it is highly resistant to abrasive
wear [38]. Tilgham invented this process in 1871, and it is used in today’s SP [39–41]. The
relationship between mechanical surface operation and increased fatigue strength was
established by Foppl et al. [42,43]. So much research was carried out by Thum in the early
1930s on the SB benefits on front of rolling fatigue, corrosion fatigue, and fatigue of welded
joints [42–45].
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2.1.3. Grinding Treatment

Grinding (G-) is one of the finishing processes that gives high accuracy and a good
surface finish. In this process, an abrasive product is used, and the material removal rate is
very low [47,48]. Usually, a rotating wheel that comes in to contact with a work surface is
responsible for the operation [49,50]. This rotating wheel is made of abrasive grains that
are bonded together. These abrasive grains act as cutting tools and remove tiny particles
on the surface of the workpiece. Compared to other surface methods, this process is more
expensive and should be used in conditions where is possible to control all parameters [51].

2.1.4. Ultrasonic Nanocrystalline

Among the many useful technologies for surface reinforcement, ultrasonic nanocrys-
talline surface modification (UNSM) technology is one of the most widely used nowadays
to improve mechanical and tribological properties [52,53]. Conventional UNSM technology
employs a tungsten carbide (WC) ball that is affixed to a supersonic transducer (see Figure 5).
The transducer imparts impacts on the sample surface at a frequency of 20,000 times or more
per second, with 1000 to 100,000 strikes per square millimeter. Further elaboration on the
technical aspects of the UNSM technology is available in [54]. Strikes, which can also be
described as micro-cold forging, cause severe plastic and elastic deformation at the near
surface layer, thus creating a nanocrystalline structure with a compression residual stress of
around 10 µm in depth [55]. Strikes also create controllable micro-narrows at the surface of the
sample, which improves the tribological characteristics of the interlocking surfaces in relative
motion [56]. Each of the micro-dimples produced by laser surface texturing can function as
a micro-hydrodynamic bearing that mitigates the detrimental effects of poor lubrication in
sliding or rolling contact conditions, thereby enhancing the performance and durability of the
lubricated system [57]. Correction of surface layer nanostructures can occur simultaneously
with increasing the resulting strength and flexibility of the sample according to the Hall and
Petch relationship [58]. In other words, by doing this treatment, the surface integrity of the
treated workpiece increases their surface integrity in terms of hardness and fracture toughness.
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2.2. Thermal Methods

Thermal surface modification methods offer a wide range of techniques to enhance
the properties of materials and most of them have been applied to MASS. These methods
involve thermal processes that directly alter the properties (even microstructurally and
mechanically) of the near surface of the workpiece treated. Laser surface texturing, one
of the prominent thermal methods, involves using high-energy laser beams to modify the
microstructure on the surface of MASS. This technique allows precise control over the
shape, size, and distribution of microstructures, such as micro-dimples or micro-grooves,
which can significantly influence the tribological, mechanical, and corrosion resistance
properties of the material. Additionally, cold working techniques, such as rolling, bending,
and hammering, can induce plastic deformation on the surface of MASS, resulting in work-
hardening and improved mechanical properties. Thermal surface modification methods
offer versatile approaches to tailor the surface characteristics of MASS components, enabling
improved performance and extended service life in various applications.

2.2.1. Surface Heat Treatments

This group of thermal processes refers to treatments where the surface layer has the
requirement of a higher hardness to be more wear resistant than the core. Surface heat
treatments are conventional and effective surface modification techniques employed to
enhance the properties of metallic alloys. By subjecting the surface of MASS to controlled
heating and cooling processes, their microstructure and composition can be precisely
altered. One commonly used surface heat treatment method is carburizing, where the
MASS surface is exposed to a carbon-rich atmosphere at elevated temperatures [59]. This
process promotes the solid diffusion of carbon atoms into the surface layer, resulting in
the formation of a hardened, wear-resistant outer layer known as a carburized case [60].
Another heat treatment technique is nitriding, which involves introducing nitrogen into
the MASS surface. Nitrogen atoms diffuse into the material, forming a hard and corrosion-
resistant nitride layer [61]. Heat treatment can also be employed to modify the residual
stresses within the MASS surface. Controlled heating and subsequent cooling can induce
thermal stress relief and promote the relaxation of residual stresses, thereby improving the
dimensional stability and fatigue resistance of the material.

2.2.2. Plasma Nitriding

The temperatures usually employed for nitriding treatments of low alloy and tool
steels cannot be used for stainless steels because they would promote the precipitation of
hard chromium (Cr) compounds (nitrides, carbides). As a consequence, the Cr-depleted
matrix will not be able to form a protective passive film, and corrosion easily occurs [62].
However, at lower temperatures, i.e., temperatures at which Cr diffusion is very low while
interstitial atoms are able to diffuse (≤450 ◦C for nitriding [63]), the formation of nitrides
is inhibited and modified surface layers can be obtained. These layers consist mainly of a



Metals 2023, 13, 1268 8 of 27

metastable supersaturated phase, named the expanded austenite or S phase, with a high
hardness and good corrosion resistance. The nitriding of austenitic stainless steels (ASS) at
temperatures ranging between 495 and 565 ◦C has been well established since 1970s [64,65].
This nitriding is often conducted using plasma techniques, which allow for the removal
of the surface oxide layers, and is known as plasma nitriding (PN). PN processes use
discharging plasma in a combination of nitrogen and hydrogen gases. The most important
advantages of PN over conventional nitriding processes are reduced cycle times, controlled
growth of the nitriding surface layer, elimination of the white layer, reduced distortion,
there is no need to finish operations, there are no pores, and mechanical masks instead
plating are pointed out. Nitride layers include scattered layers of Fe2–3N, FeN, Fe4N, and
Fe2N3. The layer’s spread is from tens to hundreds of microns, and they are ideal for
improving wear resistance by optimizing the nitrogen to hydrogen ratio. Some of the extra
layers can be removed and corrosion properties improved (Figure 6) [66].
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2.2.3. Flame Treatment

Hardening of the surface by the flame heat treatment process is one of the methods
in which a thin surface shell of a steel part is heated rapidly at a temperature higher than
the critical temperature of the steel. Flame hardening is often carried out in various ways,
including by using gas burners. Equipment and the range of flame range are important
parameters in this process. The flame method has modes such as fixed, progressive, rotary,
or a combination of rotary and progressive [69].

2.2.4. Laser Treatment

Laser treatment is a highly effective and versatile surface modification technique used
to enhance the properties of MASS [70]. By utilizing high-energy laser beams, precise
surface modifications can be made, resulting in improved surface characteristics and per-
formance. Laser surface texturing (LST) is a prominent application of laser treatment,
where controlled laser ablation is used to create microstructures such as micro-dimples,
micro-grooves, or laser-induced periodic surface structures (LIPSS). These microstructures
can significantly impact the tribological properties, such as friction, wear, and lubrication
behavior of the material. Laser surface melting (LSM) is another laser treatment method
(LTM) that involves selectively melting the surface layer of MASS to refine the grain struc-
ture, eliminate defects, and improve the surface finish. Additionally, laser heat treatment
can be employed to modify the phase composition and microstructure of MASS by inducing
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localized heating and subsequent controlled cooling. This can result in the formation of de-
sired phases, such as martensite, or the refinement of existing phases, leading to enhanced
mechanical properties. LTM provides precise control over the treated area, depth, and
intensity, making it a valuable technique for tailoring the surface properties of MASS for
specific applications such as automotive, aerospace, and medical industries. The femtosec-
ond (fs-) laser pulses are generated by an amplified solid-state Ti: sapphire laser chain. Low
energy pulses are extracted from a mode-locked oscillator ~1.6 nJ/pulse, 80 MHz, 800 nm,
and 120 fs. The pulses are then injected in an amplifier including an optical pulse stretcher,
a regenerative amplifier associated with an amused pumping source, a 20 W Nd:YLF laser,
and a pulse compressor. P-polarized pulses with a wavelength centered on 80 µm of 1.5 mJ
and a 1 kHz repetition rate with a typical duration of 150 fs are obtained. Nanosecond (ns-)
pulses are extracted from the same regenerative amplifier without any fs-pulse injection
from the oscillator. The pulse duration obtained is then within the range of 7–8 ns. To
allow a low energy regime ~typically 0.01–0.5 mJ/pulse, laser pulses are obtained without
using the two-pass amplifier. Additional attenuation is then provided by a half-wave plate
coupled with a polarizer. An external electronic clock device, which controls the voltage
applied to the Pockels cell, also allows the use of this system in a single-shot mode [71,72].

Table 2 provides a comparison of various laser surface modification methods based on
surface quality, applications, advantages, and disadvantages. Laser surface modification
methods are used in a variety of industries such as aerospace, automotive, medical, and
nuclear. Laser shock peening and submerged laser peening are effective methods to im-
prove fatigue resistance and reduce stress corrosion cracking in materials. However, these
methods are limited to small areas and can be expensive due to the specialized equipment
required. Surfi-Sculpt processing is a high-precision method that can create complex shapes
and patterns with improved surface texture and roughness, making it suitable for medical
implants, aerospace components, and other high-performance materials. It is limited to
small areas and can be expensive. Laser surface hardening is used in manufacturing,
automotive, and aerospace industries to increase surface hardness, wear resistance, and
corrosion resistance. The method provides precise control over the hardened area and
depth, improving part longevity. Nevertheless, it is limited to ferrous materials and may
result in distortion or cracking. Laser decontamination is a fast and efficient non-contact
process used to remove surface contaminants such as paint, rust, and biological agents.
The laser surface-structuring process improves surface texture, enhances adhesion, and
increases hydrophobicity, making it suitable for medical devices, electronics, and other
high-performance materials. The method provides high precision and accuracy, but it is
limited to small areas and may result in material damage or surface roughening. Overall,
laser surface modification methods offer unique advantages and disadvantages, making
them suitable for specific applications. The choice of method depends on the desired
surface quality, application, and available resources.

Table 2. Comparison of Laser surface modification methods together.

Laser Surface
Modification Methods Surface Quality Applications Advantages Disadvantages

Laser shock peening

Improved fatigue
resistance, reduced

stress corrosion
cracking [73–75]

Aerospace, automotive,
medical, and nuclear

industries [76]

Improved surface
properties, deeper layer
of compressive residual

stress [77]

Limited to small areas,
expensive [78]

Submerged laser
peening

Improved fatigue
resistance, reduced

stress corrosion
cracking [79,80]

Aerospace, automotive,
medical, and nuclear

industries

Reduced thermal
damage to surface,

deeper layer of
compressive residual

stress [81]

Limited to submerged
surfaces, requires

specialized
equipment [82]
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Table 2. Cont.

Laser Surface
Modification Methods Surface Quality Applications Advantages Disadvantages

Surfi-Sculpt processing
(three-dimensional

laser surface
modification)

Improved surface
texture and roughness,

increased
hydrophobicity,

enhanced
biocompatibility [83]

Medical implants,
aerospace components,

and other
high-performance

materials [84]

High precision and
accuracy, can create
complex shapes and

patterns [85]

Limited to small areas,
expensive [86]

Laser surface
hardening (LSH)

Increased surface
hardness, wear
resistance, and

corrosion resistance
[87,88]

Manufacturing,
automotive, and

aerospace industries

Precise control of
hardened area and

depth, improved part
longevity Popoola

Limited to ferrous
materials, potential for
distortion or cracking

Laser
surface-structuring

process

Improved surface
texture, enhanced

adhesion, increased
hydrophobicity [89]

Medical devices,
electronics, and other

high-performance
materials [90]

High precision and
accuracy, can create

complex patterns and
textures [91]

Limited to small areas,
potential for material

damage or surface
roughening [92]

Laser Shock Peening

Laser shock peening (LSP) (Figure 7) is one of the common methods for improving the
mechanical and surface properties of metals in industries. In this method, a laser is applied
to the surface, and then residual stresses occur in the underlying layers, which improves
mechanical properties such as fatigue, and some articles have even reported improvements
in corrosion properties [93,94]. The depth of laser penetration is around 10 times higher
than in the case of the same shot with the SP method. The depth of the effect is about
0.5 to 1.5 mm [93]. LSP involves exposing a metallic sample surface to high-intensity
laser irradiation (up to 1–10 GW/Cm2) for a very short time (less than 50 ns) [94]. The
interaction between laser and metal induces a high-pressure plasma that produces high
amplitude shock waves, inducing plastic deformation and creating compressive residual
stresses. This type of interaction is called “direct ablation” as shown in Figure 7. Irradiating
water-immersed surfaces (1–10 mm water thickness) enables a factor 5–10 intensification of
the shock amplitude by a trapping-like effect on the plasma.
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Figure 7. (a) A schematic of the LSP process, (b) peening induced plastic yielding with associated
restoring stress reaction, and (c) a typical residual stress depth field introduced into the surface region
by a peening action applied to the top surface (reproduced from Ref. [95], with permission from
Elsevier, 2022).

Submerged Laser Peening

When a laser pulse with a ns-power of the beam is focused on a metal material, such
as steel underwater, the surface of the material absorbs the laser energy and the metal
plasma is created through a reducing interaction. The immobility of water acts to enclose
the metal plasma and prevent its rapid expansion, and as a result, the plasma is formed
by pressure on the metal surface. Plasma pressure, which affects the surface of the metal,
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reaches several GPa and exceeds the yield strength of the material. The metal around it
limits a compressive stress state on the surface layer, as shown in Figure 8. The residual
compressive stress can be applied by scanning the laser pulses to the entire surface used
in the metal surface layer [96]. However, the conventional LPM uses a protective coating,
or so-called victim, on the surface of the material to strengthen the laser absorption and
prevent melting and damage to the surface. Before laser irradiation, surface control is
usually performed using a black coating. Toshiba [97] has recently developed a process that
does not require coverage, but instead has less laser power and uses controlled conditions
to mechanically achieve the desired result.
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coating (reproduced from Ref. [46], with permission from Elsevier, 2019).

Surfi-Sculpt Processing (Three-Dimensional Laser Surface Modification)

Surfi-Sculpt®, a three-dimensional (3D) laser surface modification technique, is thought
to be driven by a melt pool instability that is dependent on a quasi-steady-state temperature
field. Attempting to control melt pool instability requires a better understanding of the
heat input and the selection of optimized laser processing parameters. This allows for
the optimal production of a variety of feature shapes, allowing this new manufacturing
technique to be used in applications requiring increased substrate surface area or functional
surface textures. Figure 9 depicts the steps of the Surfi-Sculpt process. As shown in Figure 9
(Step 1), the structuring process involves impinging an electron or laser beam (LB) against
the metallic workpiece surface. First, the beam melts a volume of metallic material on
the workpiece surface, creating a molten pool at a predetermined start point. Second, the
beam is rapidly deflected sideways (swiping) over the workpiece surface using computer
controlled electromagnetic coils (in the case of electron beam (EB)). As a result, the molten
material is displaced in the direction opposite the EB deflection (Figure 9, Step 2). The
combined effects of vapor pressure and surface tension allow the molten material to pile
up and form a small protrusion at this point [98,99] (Figure 9, Step 3).
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permission from Wiley, 2018).

A structured protrusion and corresponding intrusion are created by repeating the
beam deflection process multiple times in the same location over the workpiece surface, as
shown in Figure 9 (Step 4). Instead of only one pair of protrusions/intrusions as shown
in Figure 9, the Surfi-Sculpt process can be used to create a series of protrusions across a
metallic workpiece at the same time. As a result, the process can generate a high aspect ratio
of protrusions in a matter of seconds per square centimeter [101]. Furthermore, by adjusting
the beam parameters, which include beam acceleration, current, focus, scanning frequency,
and process duration, a wide range of different protrusion patterns and shapes across the
metal surface can be produced [101,102]. When using EB, the size of the surface-modified
workpiece is limited to the dimensions of the vacuum chamber in which the structuring
process is carried out. By contrast, this limitation does not exist when LB is used.

Laser Surface Hardening

A high accuracy of the hardening process has been achieved by the laser surface hard-
ening (LSH) process [103]. In this technique, the laser beam produces a high temperature
on the top of the steel sample (Figure 10a), which transforms to γ-phase. After passing
the laser from the heat affected zone (HAZ), the surface is quenched by environment air
conditions (Figure 10b) and γ-changes to α′-and/or ε-phases, which is hard, and then the
surface will have a better wear resistance. During the laser hardening, some defects may
generate on the surface because the laser beam has been concentrated on a unique area. For
instance, if the generated heat from the laser beam is too high, the surface can be melted.
Also, sometimes micro-cracks generate after quenching [104].

Laser Surface-Structuring Process

Laser surface structuring is a promising surface treatment technique with potential
applications in various fields, including the automotive, biomedical, and electronics indus-
tries. It is a laser-based surface treatment process that can modify the surface of materials
in a controlled manner [105] to create micro- and nanometric scale surface features, such
as channels, pillars, and cavities, which can be used to improve the surface properties of
materials, such as friction, wear, and adhesion. Various laser sources, such as picosecond
(ps-), fs-, and ns-lasers, have been used for surface structuring [106]. The choice of laser
source depends on the desired surface structure, the material properties, and the process-
ing parameters. Laser surface structuring has been applied to a wide range of materials,
including metals, polymers, ceramics, and composites. It has been used for a variety of
applications, such as surface texturing for friction reduction in engine components [107],
surface functionalization for biomedical implants [108], and surface patterning for optical
and electronic devices [109]. Recent studies [110] have focused on developing new tech-
niques and methods for laser surface structuring, such as combining it with other surface
treatments, such as plasma treatment or electrochemical deposition. Additionally, machine
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learning and artificial intelligence techniques have been used to optimize laser surface
structuring parameters and to predict the surface structure of laser-treated materials [111].
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Figure 10. (a) Schematic representation of the laser surface hardening, and (b) representation of
the laser hardening tracks induced by means of this technique (reproduced from Ref. [104], with
permission from Elsevier, 2019).

2.3. Chemical and Electrochemical Methods

Chemical surface modification methods can remove oxides and reveal the final mi-
crostructure without damaging the surface of interest. However, the main drawback of
these methods is that the final geometry is strong. In some cases, acid washing may,
in addition to cleaning, improve corrosion resistance by removing parts of the surface.
Electro-polishing, pickling, and passivation are the most important methods included in
this classification [112–115]. In this regard, the electro-polishing process typically produces
a surface that has an optimal corrosion resistance. On the other hand, pickling is the
most common chemical procedure used to remove oxides and iron contamination [116,117].
Pickling typically uses a mixture of nitric acid (HNO3) and hydrofluoric acid (HF). Chloride-
containing agents, such as hydrochloric acid (HCl), should be avoided since there is an
obvious risk to induce pitting [118]. Table 3 summarizes the chemical composition, as well
as the pickle ability, for the most common stainless steels available in the market.

Table 3. SS grades and their pickle ability. Pickle ability classification: 1 to 4 (from very easy to very
difficult) [119].
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1

1.4301 304 4301 0.04 18.1 8.3 – – 1.4301 2333 1 [120]

1.4401 316 4401 0.02 17.2 10.2 2.1 – 1.4401 2347 2 [121]

1.4404 316L 4404 0.02 17.2 10.2 2.1 – 1.4404 2348 2 [122]

1.4571 316Ti 4571 0.04 16.8 10.9 2.1 Ti 1.4571 2350 2 [123]

1.4436 316 4436 0.02 16.9 10.7 2.6 – 1.4436 2343 2 [124]

2

1.4362 S32304 SAF2304™ 0.02 23 4.8 0.3 – 1.4362 2327 3 [125]

1.4462 S32205 2205 0.02 22 5.7 3.1 – 1.4462 2377 3 [126]

1.4439 S31726 4439 0.02 17.8 12.7 4.1 – 1.4439 – 3 [127]

1.4539 N08904 904L 0.01 20 25 4.3 1.5 Cu 1.4539 2562 3 [128]
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Table 3. Cont.
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3

1.4410 S32750 SAF2507™ 0.02 25 7 4 – – 2328 4 [125]

1.4547 S31254 254 SMO® 0.01 20 18 6.1 Cu – 2378 4 [129]

1.4652 S32654 654 SMO® 0.01 24 22 7.3 Cu 3.5 Mn – – 4 [130]

Surface modification chemical methods, such as chemical vapor deposition (CVD),
sol-gel and anodization, offer effective ways to alter the surface properties of materials,
including MASS.

2.3.1. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a technique that involves the deposition of thin
films onto the surface of MASS using chemical reactions in a gaseous phase [131]. Precursor
gases containing the desired elements are introduced into a reactor, where they react and
form a solid coating on the material’s surface. This method enables precise control over the
film composition, thickness, and uniformity [131,132]. CVD can be used to deposit various
functional coatings, such as protective, wear-resistant, or catalytic films, which can enhance
the surface properties and performance of MASS.

2.3.2. Sol-Gel

Sol-gel is a versatile chemical method that involves the synthesis of thin films or coat-
ings from a colloidal suspension, known as a sol [133]. The sol contains metal alkoxides or
metal salts that undergo hydrolysis and condensation reactions, forming a gel-like network.
The gel is then treated to remove the solvent and undergo drying and curing processes,
resulting in the formation of a solid thin film. Sol-gel coatings can be tailored to provide
functionalities such as corrosion resistance, anti-reflective properties, or biocompatibility,
thereby improving the surface characteristics and applications of MASS [134].

2.3.3. Anodization

Anodization is a surface modification technique that involves the controlled electro-
chemical oxidation of a metal to form a protective oxide layer on its surface [135]. The
material is immersed in an electrolytic solution and acts as the anode in an electrochemical
cell. An electric current is applied, leading to the formation of a thick and dense oxide layer,
known as an anodic film, on the MASS surface. This anodic film can enhance corrosion
resistance, improve wear resistance, and provide decorative or functional properties to the
material.

2.4. Electrochemical Methods

Electrochemical methods are based on the principle that deposits in their elemental
form on solid electrodes are removed and recovered when potential or electricity is applied
to the electrode. The basic reaction that occurs is the reduction of metals in various oxidation
states to the zero-oxidation state (elemental state of the metal) at the cathode when electrons
pass through the anode in the circuit [136,137].

Ion Implantation

Ion implantation is a process of surface modification of metals, which is frequently
applied to stainless steels. Implanting ions on austenitic stainless steel causes changes in
microstructure, including defects, phases, and staining [138,139]. Several works have been
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conducted on structural austenitic stainless steels using intermediate carbon and nitrogen
atoms to induce microstructural changes and, consequently, enhance their mechanical
properties [140,141].

3. Effects of Surface Modifications on MASS Mechanical Properties

In this section, the effect of surface modification on MASS will be presented in detail.
In this sense, the mechanical properties (hardness, wear resistance, etc.) as well as the
main microstructural (residual compressive stresses, corrosion resistance, etc.) effects will
be presented.

3.1. Hardness

Surface modifications can significantly improve the hardness (H) of MASS. After SP, H
increases by introducing dislocations and strengthening at the grain boundaries [142,143].
LSP is another technique that has been shown to significantly improve the H of MASS.
This technique, by inducing compressive residual stresses, can improve the mechanical
properties near the surface in terms of H [144,145]. Submerged laser peening also has
the same trend on MASS [145]. Laser surface hardening (LSH) is another technique that
has been used to improve the H of MASS [146]. LSH can significantly increase the H by
introducing α′- and/or ε-martensitic transformation and compressive residual stresses [147].
Table 4 compares different surface modification techniques for MASS.

Table 4. Comparison of the increase in hardness obtained with different surface modification techniques.

Surface Modification Technique Increase in Hardness (%) References

Shot peening 5–15 [148,149]
Ultrasonic shot peening 10–30 [150]

Laser shock peening 20–40 [151,152]
Submerged laser peening 20–40 [81,153]

Surfi-Sculpt processing 50–100 [154]
Laser surface hardening 20–30 [155]
Laser surface-structuring 10–20 [89,105]

3.2. Wear Resistance

MASSs are widely used in a variety of applications due to their excellent combination
of corrosion resistance, strength, and toughness [156–159]. However, these materials can
still experience wear failures under certain conditions, such as when they are exposed to
abrasive particles or subjected to high contact pressures. To improve their wear resistance,
various surface modification techniques have been developed [160]. Table 5 compares typi-
cal ranges of wear rate reduction achieved with different surface modification techniques.
Various surface modification techniques can be employed to enhance the properties of
301LN. SP has a positive impact by inducing a compressive stress layer that improves its fa-
tigue strength, wear resistance, and resistance to stress corrosion cracking [161,162]. These
effects make SP a valuable surface modification technique for enhancing the mechanical
performance and durability of 301LN components [163]. LSP, on the other hand, utilizes
laser pulses to generate compressive stresses in the material’s surface. Submerged laser
peening employs a high-energy laser beam in a liquid medium to produce shock waves and
generate compressive residual stresses [164]. Surfi-Sculpt processing is a three-dimensional
(3D) laser surface modification technique that creates complex surface structures, reducing
contact area and enhancing wear resistance. Laser surface hardening involves melting
and rapidly solidifying the surface layer using a high-energy laser beam to improve wear
resistance [165]. Laser surface structuring creates precise patterns and textures, reduc-
ing contact area and increasing surface hardness, thereby improving wear resistance. By
utilizing these techniques, the performance and durability of 301LN can be significantly
enhanced [166,167].
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Table 5. Wear rate reduction of different surface modification techniques.

Surface Modification Technique Wear Rate Reduction (%)

Shot peening 10–40
Ultrasonic shot peening 10–50

Laser shock peening 30–70
Submerged laser peening 40–80

Surface hardening 20–40
Plasma nitriding 30–70
Ion implantation 20–50
Electropolishing 10–20

3.3. Fatigue Strength

MASSs are commonly used in a wide range of applications that require high strength
and resistance to fatigue failure. However, they can experience fatigue failure over time
due to cyclic loading [143,168,169]. To improve the fatigue strength of MASS, surface
modifications can be applied to introduce compressive residual stresses, which help to
prevent crack initiation and propagation.

Ultrasonic impact treatment (UIT) introduces compressive residual stresses into the
material through high-frequency mechanical vibrations.

Compressive stresses induced by ultrasonic impact treatment (UIT) were investigated
to counteract high tensile weld residual stress, a critical factor in stress corrosion cracking
(SCC). X-ray diffraction (XED) analysis revealed a significant surface compressive residual
stress of up to 325.9 MPa. Finite element analysis predicted the residual stress distribu-
tion in AISI 304 SS after UIT. SCC tests in a boiling 42% magnesium chloride solution
demonstrated enhanced resistance in treated specimens compared to untreated ones, with
no visible stress corrosion cracks observed even after 1000 h [170]. Microstructural ob-
servations confirmed the formation of a hardened layer and refinement of the surface’s
coarse-grained structure. These findings underscore the effectiveness of UIT in protecting
weldments against SCC [171]. LSP, known for its favorable effects on fatigue behavior
at room temperature, induces high dislocation densities, strain-induced martensite, and
nanocrystalline regions that inhibit fatigue crack initiation. Moreover, the formation of
deep compressive residual stresses reduces fatigue crack growth. However, the stability of
these near-surface properties under elevated temperature conditions, such as those found
in power plants or gas turbines, is influenced by the microstructures induced by surface
treatments and the thermomechanical loading. The distinct near-surface microstructures
with different thermal stability are investigated [172]. The findings highlight the impor-
tance of micro-stresses in enhancing fatigue life and shed light on the challenges associated
with predicting fatigue life solely based on macro-stress data [173].

The fatigue crack growth behavior of AISI 316 austenitic SS annealed using a CO2 laser
was evaluated under different environments, including lab air, gaseous hydrogen, and
saturated hydrogen sulfide solution [174]. The laser-annealed specimen exhibited consistent
microstructures in all regions. Fatigue crack growth tests demonstrated improved resistance
to crack propagation in the region preceding the laser-annealed zone (LAZ), regardless
of the test environment. AISI 316 SS showed low sensitivity to hydrogen-accelerated
crack growth. XRD analysis revealed partial γ- to α′- and/or ε-martensite transformation
near the surface, with residual γ-effectively trapping hydrogen and reducing hydrogen
embrittlement susceptibility. Fatigue fractography in air displayed transgranular fatigue
fractures with flat facets, while specimens tested in H2S solution or gaseous hydrogen
exhibited quasi-cleavage fractures associated with hydrogen-enhanced crack growth. The
presence of distinct striations on the fracture surface of embrittled specimens indicated
hydrogen-activated slip processes ahead of the crack front [86,175,176]. Table 6 summarizes
the effect of different surface modification techniques on the improvement of fatigue life.
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Table 6. Improvement of failure cycles for austenitic stainless steels after different surface modification
techniques.

Surface Modification Technique Cycles to Failure Improvement (%)

Shot peening 10–30
Ultrasonic shot peening 20–50

Laser shock peening 50–100
Submerged laser peening 70–150

Ultrasonic impact treatment 50–100
Surface hardening (LSH) 10–30

3.4. Corrosion Resistance

Table 7 indicates the corrosion resistance effects on MASS that are produced by surface
modification techniques. MASS can be susceptible to localized corrosion or stress corrosion
cracking in some extreme environments. To enhance their corrosion resistance, surface
modifications can be applied to alter the surface chemistry. One surface modification
technique that has demonstrated its capacity for improving the corrosion resistance of
MASS is ion implantation [20,177]. For example, nitrogen ions can be implanted into the
surface layer of the material to form a nitrogen-enriched layer that is highly resistant to
corrosion [178]. Another surface modification technique that can enhance the corrosion
resistance of MASS is electropolishing. Other surface modification techniques such as
plasma nitriding and laser surface modification can also be used to modify the material’s
surface chemistry and improve its corrosion resistance [179]. Plasma nitriding involves
exposing the material to a nitrogen plasma, which can form a nitrogen-enriched layer on
the surface that is highly resistant to corrosion. Laser surface modification techniques such
as laser surface cladding and laser surface melting can also be used to form a protective
layer on the material’s surface that can improve its corrosion resistance.

Table 7. Corrosion resistance effects on the austenitic stainless steel in different surface modification
techniques.

Surface Modification Technique Corrosion Resistance Effect References

Ion implantation (Nitrogen) Highly resistant to corrosion [180]

Plasma nitriding Forms a nitrogen-enriched layer on the surface that is highly
resistant to corrosion [181]

Laser surface cladding Forms a protective layer on the material’s surface that can
improve its corrosion resistance [72]

Laser surface melting Forms a protective layer on the material’s surface that can
improve its corrosion resistance [182,183]

3.5. Microstructure

Surface modifications can significantly impact the microstructure of MASS, which
can ultimately affect their mechanical properties. LSP waves create compressive residual
stresses in the material, which can induce dislocations and cause grain refinement [183].
The dislocations generated by LP can lead to the formation of nanocrystalline grains in
the material, which have a higher density of grain boundaries and can exhibit improved
mechanical properties, such as higher strength and fatigue resistance [184,185]. Another
surface modification technique that can alter the microstructure of MASS is SP, which can
induce plastic deformation [37]. This process can cause strain hardening and dislocation
formation, which can lead to improved mechanical properties. Surface modification tech-
niques such as plasma nitriding and ion implantation can also modify the microstructure of
the material. Plasma nitriding involves exposing the material to a nitrogen plasma, which
can form a nitrogen-enriched layer on the surface [186]. This layer can alter the microstruc-
ture of the material, leading to improvements in its mechanical properties. Similarly, ion
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implantation involves implanting ions of a different element into the material’s surface
layer, which can modify the microstructure and improve its mechanical properties. Table 8
displays the effect on the microstructure and final microstructure of MASS in different
surface modification techniques.

Table 8. Changes in microstructure of austenitic stainless steel after different surface modification
techniques.

Surface Modification Technique Effect on Microstructure Final Microstructure References

Laser peening Induces dislocations and
grain refinement

Nanocrystalline grains with higher
density of grain boundaries [183]

Shot peening Induces plastic deformation and
dislocation formation

Strain hardened material with
increased dislocation density [184]

Plasma nitriding Forms nitrogen-enriched
layer on surface

Alters microstructure leading to
improved mechanical properties [186]

Ion implantation Modifies surface layer with
implanted ions

Alters microstructure leading to
improved mechanical properties [180]

3.6. Residual Stresses

The generation of residual stresses in austenitic steels is attributed to various factors,
including the evolution of austenite flexibility at different temperatures and under varying
conditions such as chemical composition and magnitude of deformation. Talonen [187]
showed that phase-transformation from γ- to α′- and/or ε-martensite occurs in the form of
ε-martensite steel at the stacking faults (SFs) intersection and α′-martensite at µ-martensite
and the intersections between the shear bands [188,189]. Hedayati [190] has shown that
the chemical composition of the alloy affects important intrinsic properties related to the
phase transformation mechanisms, such as stacking fault energy (SFE) and the starting
temperature of martensitic transformation (Ms). Antunes [191] clearly states that the lower
the number of alloying contents in austenitic steel and the lower the temperature during
the deformation process, the more intense the martensitic evolution. Moreover, the residual
stress fields near dislocations influence the nucleation of α′- and/or ε-martensite and then
the γ- to α′- and/or ε-martensitic phase transformation may occur heterogeneously [192].
Residual stresses induced due to the phase transformation are mainly caused by increased
volume, elastic incompatibility, and a lack of plastic compatibility between both constitutive
phases. In standard steel, residual stresses are the consequences of the interaction between
deformation, temperature, and microstructure [193,194]. Investigating the residual stresses
in austenitic steel is one of the most important parts of any plastic deformation, and by
examining these stresses, the effect of operations on steel can be achieved to some extent.
Alvez [195] has achieved valuable results by conducting numerous experiments on AISI
304L SS, a grade which is prone to martensitic deformation caused by deformation. This
phase change depends on the temperature as well. The residual stresses on 304L SS,
in which martensitic phase transformations were induced by CR, were investigated for
different sample thicknesses. The results show that the amount of phase transformation
and the level of residual stresses depend on the thickness of the AISI 304L samples; despite
all samples showing a compressive residual stress, the thickness of this AISI 304L sample
was about 6.37 mm. Studies conducted on AISI 316L steel by Bohm [196] have discussed
the residual stresses and the energy density [197]. Pal [198] examines the distribution of
residual stresses in AISI 904L steel in both the surface and subsurface areas, which are the
locations of the highest strain after SP [199]. Changes in the residual stress distribution in
the underlying layers have been calculated, and the comparison is given in Table 9. The
highest subsurface showed a depth of about 55 µm and was reported to be 560 MPa [197].
In Figure 11, residual stresses of AISI 301L, AISI 316L, and AISI 904L after SP treatment
were compared, and as it shows, suitable steel is AISI 304L. In general, compressive residual
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stresses at the surface of a component is beneficial, and it is the unstable cause of more
transformation phase during the treatment.

Table 9. Comparison of residual stress in AISI 304L, AISI 316L, and AISI 904L [65–67].

Steels
Type Sample Thickness (mm) The Energy Density (J/mm3) Depth of Stresses (µm) Residual Stresses (MPa)

AISI 304L
6.37 71

20 220
AISI 316L 20 190
AISI 904L 55 110
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3.7. Correlation between Microstructure and Mechanical Properties

The combined effects of different surface modifications on the mechanical properties
of MASS can be significant. Therefore, it is essential to understand how these techniques
interact to achieve optimal results. Combining different surface modification techniques
can achieve synergistic effects that can lead to even greater improvements in the material’s
mechanical properties. For example, SP and physical vapor deposition (PVD) coating are
two common surface modification techniques used to improve the mechanical properties
of MASS [200,201]. SP can induce compressive residual stresses and plastic deformation,
while PVD coating can modify the surface chemistry and alter the microstructure. When
combined, these two techniques can create a surface layer with improved corrosion re-
sistance, wear resistance, and fatigue strength [35,202]. SP followed by PVD coating led
to a significant increase in the material’s hardness, wear resistance, and fatigue strength
compared to SP alone. Another study demonstrated that the combination of SP and PVD
coating led to improved corrosion resistance in high-speed steel [203]. Other studies have
investigated the combined effects of different surface modification techniques, such as laser
peening and plasma nitriding, on the mechanical properties of MASS [185,204]. These
studies have shown that combining these techniques can improve the material’s mechanical
properties, such as higher strength, wear resistance, and corrosion resistance. Combined
techniques for improving mechanical properties via surface modification are shown in
Table 10.
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Table 10. Combined techniques for improving mechanical properties via surface modification.

Surface Modification Techniques Effects on Mechanical Properties

Shot peening and PVD coating
Increased hardness-improved wear

resistance-improved fatigue strength-improved
corrosion resistance

Laser peening and plasma nitriding
Increased strength-improved wear

resistance-improved corrosion
resistance-improved fatigue strength

4. Conclusions

Surface modification techniques have been widely used to improve the mechanical
properties of MASS. However, the selection of a suitable method is dependent on the
desired application and specific material properties that need to be modified. Traditional
methods, such as shot peening, sandblasting, grinding treatment, heat treatment, and
plasma nitriding have certain limitations, while alternative methods, such as ultrasonic
nanocrystalline, and ion implantation on the surface offer precise control over surface
morphology, composition, and structure. Laser surface modification methods have gained
increasing attention due to their unique advantages, including precise control over sur-
face morphology, reduced thermal damage, and deeper layers of compressive residual
stress. These methods have shown significant improvements in surface quality, such as
enhanced adhesion, increased hydrophobicity, improved wear and corrosion resistance,
and reduced stress corrosion cracking. The effects of hardness, wear resistance, residual
stresses, and fatigue resistance vary depending on the specific surface modification method
used. Therefore, the choice of surface modification method should be based on a com-
prehensive analysis of the specific material properties that need to be improved and the
desired application. The advancement of surface modification techniques will continue
to play an important role in improving the performance and longevity of materials in
various industries.

Author Contributions: Conceptualization, A.M. and M.M.; investigation, M.K. and M.R.; data
curation, A.M. and M.M.; writing—original draft, M.R. and M.K.; writing—review and editing,
M.M., A.M., G.C. and J.J.R.R.; visualization, M.R. and M.K.; supervision, A.M. and J.J.R.R.; project
administration, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AGAUR, Agency for Administration of University and
Research (Agència de Gestió d’Ajuts Universitaris i de Recerca) grant number FI-SDUR 2020.

Acknowledgments: The authors from CIEFMA are grateful to the Direcció General de Recerca del
Comissionat per a Universitats i Recerca de la Generalitat de Catalunya for recognizing CIEFMA as a
consolidated research group (2021 SGR 01053). M. Rezayat acknowledges the AGAUR, Agency for
Administration of University and Research (Agència de Gestió d’Ajuts Universitaris i de Recerca).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Raabe, D.; Sun, B.; Da Silva, A.K.; Gault, B.; Yen, H.-W.; Sedighiani, K.; Sukumar, P.T.; Filho, I.R.S.; Katnagallu, S.; Jägle, E.; et al.

Current Challenges and Opportunities in Microstructure-Related Properties of Advanced High-Strength Steels. Met. Mater. Trans.
A 2020, 51, 5517–5586. [CrossRef]

2. Ghassemieh, E. Materials in Automotive Application, State of the Art and Prospects. New Trends Dev. Automot. Ind. 2011, 20,
365–394. [CrossRef]

3. Sun, G.; Chen, D.; Zhu, G.; Li, Q. Lightweight hybrid materials and structures for energy absorption: A state-of-the-art review
and outlook. Thin-Walled Struct. 2022, 172, 108760. [CrossRef]

4. Gui, W.; Zhong, C.; Gu, J.; Ding, Y.; Wang, X.; Wu, T.; Liang, Y.; Qin, J.; Qu, Y.; Lin, J. Laser-clad Inconel 625 coatings on Q245R
structure steel: Microstructure, wear and corrosion resistance. Npj Mater. Degrad. 2022, 6, 37. [CrossRef]

5. Narasimharaju, S.R.; Zeng, W.; See, T.L.; Zhu, Z.; Scott, P.; Jiang, X.; Lou, S. A comprehensive review on laser powder bed fusion
of steels: Processing, microstructure, defects and control methods, mechanical properties, current challenges and future trends. J.
Manuf. Process. 2022, 75, 375–414. [CrossRef]

https://doi.org/10.1007/s11661-020-05947-2
https://doi.org/10.5772/13286
https://doi.org/10.1016/j.tws.2021.108760
https://doi.org/10.1038/s41529-022-00247-z
https://doi.org/10.1016/j.jmapro.2021.12.033


Metals 2023, 13, 1268 21 of 27

6. Zhang, Y.; Chai, X.; Ju, X.; You, Y.; Zhang, S.; Zheng, L.; Moumni, Z.; Zhu, J.; Zhang, W. Concentration of transformation-induced
plasticity in pseudoelastic NiTi shape memory alloys: Insight from austenite–martensite interface instability. Int. J. Plast. 2023,
160, 103481. [CrossRef]

7. Ramnarayan, C. Surface Wear: Analysis, Treatment, and Prevention; ASM International: Novelty, OH, USA, 2001.
8. Ramnarayan, C. Advanced Thermally Assisted Surface Engineering Processes; Kluwer Academic C: Boston, MA, USA, 2014.
9. Thakur, S.K. Advances in Applied Surface Engineering; Research Publishing: Singapore, 2011.
10. Tahraoui, H.; Belhadj, A.-E.; Triki, Z.; Boudellal, N.R.; Seder, S.; Amrane, A.; Zhang, J.; Moula, N.; Tifoura, A.; Ferhat, R.; et al.

Mixed coagulant-flocculant optimization for pharmaceutical effluent pretreatment using response surface methodology and
Gaussian process regression. Process. Saf. Environ. Prot. 2023, 169, 909–927. [CrossRef]

11. Wang, C.; Loh, Y.M.; Cheung, C.F.; Liang, X.; Zhang, Z.; Ho, L.T. Post processing of additively manufactured 316L stainless steel
by multi-jet polishing method. J. Mater. Res. Technol. 2023, 23, 530–550. [CrossRef]

12. Rabiei, A.; Ghadami, F.; Malek, F. Microstructural characteristics and tribological properties of the localized laser surface treatment
of AISI 420 stainless steel. Tribol. Int. 2023, 177, 107969. [CrossRef]

13. Cheng, X.; Cai, P.; Zhang, L.; Chai, L. Unusual work hardening rate of a 3D gradient high purity Ti fabricated by laser surface
treatment. Mater. Sci. Eng. A 2023, 862, 144417. [CrossRef]

14. Caraguay, S.; Pereira, T.; Giacomelli, R.; Cunha, A.; Pereira, M.; Xavier, F. The effect of laser surface textures on the corrosion
resistance of epoxy coated steel exposed to aggressive environments for offshore applications. Surf. Coat. Technol. 2022, 437, 128371.
[CrossRef]

15. Habibzadeh, S.; Li, L.; Shum-Tim, D.; Davis, E.C.; Omanovic, S. Electrochemical polishing as a 316L stainless steel surface
treatment method: Towards the improvement of biocompatibility. Corros. Sci. 2014, 87, 89–100. [CrossRef]

16. Grigoriev, S.N.; Migranov, M.S.; Melnik, Y.A.; Okunkova, A.A.; Fedorov, S.V.; Gurin, V.D.; Volosova, M.A. Application of Adaptive
Materials and Coatings to Increase Cutting Tool Performance: Efficiency in the Case of Composite Powder High Speed Steel.
Coatings 2021, 11, 855. [CrossRef]

17. Speidel, M.O. Stress corrosion cracking of stainless steels in NaCl solutions. Met. Trans. A 1981, 12, 779–789. [CrossRef]
18. Müllner, P.; Solenthaler, C.; Uggowitzer, P.; Speidel, M. On the effect of nitrogen on the dislocation structure of austenitic stainless

steel. Mater. Sci. Eng. A 1993, 164, 164–169. [CrossRef]
19. Liao, Z.; la Monaca, A.; Murray, J.; Speidel, A.; Ushmaev, D.; Clare, A.; Axinte, D.; M’Saoubi, R. Surface integrity in metal

machining—Part I: Fundamentals of surface characteristics and formation mechanisms. Int. J. Mach. Tools Manuf. 2021, 162, 103687.
[CrossRef]

20. Meng, Y.; Xu, J.; Ma, L.; Jin, Z.; Prakash, B.; Ma, T.; Wang, W. A review of advances in tribology in 2020–2021. Friction 2022, 10,
1443–1595. [CrossRef]

21. Thakur, A.; Kumar, A.; Kaya, S.; Marzouki, R.; Zhang, F.; Guo, L. Recent Advancements in Surface Modification, Characterization
and Functionalization for Enhancing the Biocompatibility and Corrosion Resistance of Biomedical Implants. Coatings 2022,
12, 1459. [CrossRef]

22. Liu, W.; Liu, S.; Wang, L. Surface Modification of Biomedical Titanium Alloy: Micromorphology, Microstructure Evolution and
Biomedical Applications. Coatings 2019, 9, 249. [CrossRef]

23. Xue, T.; Attarilar, S.; Liu, S.; Liu, J.; Song, X.; Li, L.; Zhao, B.; Tang, Y. Surface Modification Techniques of Titanium and its Alloys
to Functionally Optimize Their Biomedical Properties: Thematic Review. Front. Bioeng. Biotechnol. 2020, 8, 603072. [CrossRef]

24. Nouri, A.; Shirvan, A.R.; Li, Y.; Wen, C. Surface modification of additively manufactured metallic biomaterials with active
antipathogenic properties. Smart Mater. Manuf. 2023, 1, 100001. [CrossRef]

25. Mandracci, P.; Mussano, F.; Rivolo, P.; Carossa, S. Surface Treatments and Functional Coatings for Biocompatibility Improvement
and Bacterial Adhesion Reduction in Dental Implantology. Coatings 2016, 6, 7. [CrossRef]

26. Wei, L.; Gao, Z. Recent research advances on corrosion mechanism and protection, and novel coating materials of magnesium
alloys: A review. RSC Adv. 2023, 13, 8427–8463. [CrossRef] [PubMed]

27. Tao, F.; Liu, Y.; Ren, X.; Wang, J.; Zhou, Y.; Miao, Y.; Ren, F.; Wei, S.; Ma, J. Different surface modification methods and coating
materials of zinc metal anode. J. Energy Chem. 2022, 66, 397–412. [CrossRef]

28. Islam, M.H.; Islam, R.; Dulal, M.; Afroj, S.; Karim, N. The effect of surface treatments and graphene-based modifications on
mechanical properties of natural jute fiber composites: A review. iScience 2022, 25, 103597. [CrossRef]

29. Kumar, D.; Idapalapati, S.; Wang, W.; Narasimalu, S. Effect of Surface Mechanical Treatments on the Microstructure-Property-
Performance of Engineering Alloys. Materials 2019, 12, 2503. [CrossRef]

30. Kumar, D.; Idapalapati, S.; Wang, W.; Child, D.J.; Haubold, T.; Wong, C.C. Microstructure-mechanical property correlation in shot
peened and vibro-peened Ni-based superalloy. J. Mater. Process. Technol. 2019, 267, 215–229. [CrossRef]

31. Rudawska, A. Surface Treatment in Bonding Technology; Academic Press: Cambridge, MA, USA, 2019. [CrossRef]
32. Grosdidier, T.; Novelli, M. Recent Developments in the Application of Surface Mechanical Attrition Treatments for Improved

Gradient Structures: Processing Parameters and Surface Reactivity. Mater. Trans. 2019, 60, 1344–1355. [CrossRef]
33. Roland, T.; Retraint, D.; Lu, K.; Lu, J. Enhanced mechanical behavior of a nanocrystallised stainless steel and its thermal stability.

Mater. Sci. Eng. A 2007, 445–446, 281–288. [CrossRef]
34. Mordyuk, B.N.; Prokopenko, G.I. Ultrasonic impact peening for the surface properties’ management. J. Sound Vib. 2007, 308,

855–866. [CrossRef]

https://doi.org/10.1016/j.ijplas.2022.103481
https://doi.org/10.1016/j.psep.2022.11.045
https://doi.org/10.1016/j.jmrt.2023.01.054
https://doi.org/10.1016/j.triboint.2022.107969
https://doi.org/10.1016/j.msea.2022.144417
https://doi.org/10.1016/j.surfcoat.2022.128371
https://doi.org/10.1016/j.corsci.2014.06.010
https://doi.org/10.3390/coatings11070855
https://doi.org/10.1007/BF02648342
https://doi.org/10.1016/0921-5093(93)90655-X
https://doi.org/10.1016/j.ijmachtools.2020.103687
https://doi.org/10.1007/s40544-022-0685-7
https://doi.org/10.3390/coatings12101459
https://doi.org/10.3390/coatings9040249
https://doi.org/10.3389/fbioe.2020.603072
https://doi.org/10.1016/j.smmf.2022.100001
https://doi.org/10.3390/coatings6010007
https://doi.org/10.1039/D2RA07829E
https://www.ncbi.nlm.nih.gov/pubmed/36926015
https://doi.org/10.1016/j.jechem.2021.08.022
https://doi.org/10.1016/j.isci.2021.103597
https://doi.org/10.3390/ma12162503
https://doi.org/10.1016/j.jmatprotec.2018.12.007
https://doi.org/10.1016/c2018-0-01281-5
https://doi.org/10.2320/matertrans.MF201929
https://doi.org/10.1016/j.msea.2006.09.041
https://doi.org/10.1016/j.jsv.2007.03.054


Metals 2023, 13, 1268 22 of 27

35. Fargas, G.; Roa, J.; Mateo, A. Effect of shot peening on metastable austenitic stainless steels. Mater. Sci. Eng. A 2015, 641, 290–296.
[CrossRef]

36. Saunders, N.; Miodownik, A.P. (Eds.) Chapter 10—The Application of CALPHAD Methods. In CALPHAD: Calculation of Phase
Diagrams; Elsevier: Pergamon, Turkey, 1998; pp. 299–408. [CrossRef]
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84. Varga, G.; Dezső, G.; Szigeti, F. Surface Roughness Improvement by Sliding Friction Burnishing of Parts Produced by Selective

Laser Melting of Ti6Al4V Titanium Alloy. Machines 2022, 10, 400. [CrossRef]
85. Paras; Yadav, K.; Kumar, P.; Teja, D.R.; Chakraborty, S.; Chakraborty, M.; Mohapatra, S.S.; Sahoo, A.; Chou, M.M.C.; Liang, C.-

T.; et al. A Review on Low-Dimensional Nanomaterials: Nanofabrication, Characterization and Applications. Nanomaterials 2022,
13, 160. [CrossRef] [PubMed]

86. Zhao, K.; Yan, G.; Li, J.; Guo, W.; Gu, J.; Li, C. The Resistance to Wear and Thermal Cracking of Laser Surface Engineered P20
Steel. Coatings 2023, 13, 97. [CrossRef]

87. Babu, P.D.; Balasubramanian, K.; Buvanashekaran, G. Laser surface hardening: A review. Int. J. Surf. Sci. Eng. 2011, 5, 131.
[CrossRef]

88. Babu, P.D.; Buvanashekaran, G.; Balasubramanian, K.R. Experimental Studies on the Microstructure and Hardness of Laser
Transformation Hardening of Low Alloy Steel. Trans. Can. Soc. Mech. Eng. 2012, 36, 241–258. [CrossRef]

89. Wang, H.; Wang, Q.; Huo, L.; Liu, J.; Bai, Z. High-efficient laser-based bionic surface structuring for enhanced surface functional-
ization and self-cleaning effect. Surf. Interfaces 2023, 37, 102691. [CrossRef]

90. Shivakoti, I.; Kibria, G.; Cep, R.; Pradhan, B.B.; Sharma, A. Laser Surface Texturing for Biomedical Applications: A Review.
Coatings 2021, 11, 124. [CrossRef]

91. Arzt, E.; Quan, H.; McMeeking, R.M.; Hensel, R. Functional surface microstructures inspired by nature—From adhesion and
wetting principles to sustainable new devices. Prog. Mater. Sci. 2021, 120, 100823. [CrossRef]

92. Obilor, A.F.; Pacella, M.; Wilson, A.; Silberschmidt, V.V. Micro-texturing of polymer surfaces using lasers: A review. Int. J. Adv.
Manuf. Technol. 2022, 120, 103–135. [CrossRef]

https://doi.org/10.1016/S0043-1648(02)00118-7
https://doi.org/10.1016/j.surfcoat.2006.03.045
https://doi.org/10.1016/j.jmrt.2021.08.039
https://doi.org/10.31399/asm.hb.v04a.9781627081658
https://doi.org/10.1063/5.0145063
https://doi.org/10.1063/1.1481195
https://doi.org/10.3390/met13020367
https://doi.org/10.1080/08871949.1991.11752452
https://doi.org/10.1016/j.jmapro.2020.02.009
https://doi.org/10.1016/S0921-5093(00)01277-6
https://doi.org/10.1016/j.ijmachtools.2019.103475
https://doi.org/10.1016/j.surfcoat.2018.02.009
https://doi.org/10.1177/0954405419838956
https://doi.org/10.3390/met10020270
https://doi.org/10.1016/j.jmatprotec.2019.01.030
https://doi.org/10.1016/j.jmatprotec.2020.116877
https://doi.org/10.3390/met11101635
https://doi.org/10.1515/aot-2019-0012
https://doi.org/10.3390/machines10050400
https://doi.org/10.3390/nano13010160
https://www.ncbi.nlm.nih.gov/pubmed/36616070
https://doi.org/10.3390/coatings13010097
https://doi.org/10.1504/IJSURFSE.2011.041398
https://doi.org/10.1139/tcsme-2012-0018
https://doi.org/10.1016/j.surfin.2023.102691
https://doi.org/10.3390/coatings11020124
https://doi.org/10.1016/j.pmatsci.2021.100823
https://doi.org/10.1007/s00170-022-08731-1


Metals 2023, 13, 1268 24 of 27

93. Clauer, A.H.; Lahrman, D.F. Laser Shock Processing as a Surface Enhancement Process. Key Eng. Mater. 2001, 197, 121–144.
[CrossRef]

94. Peyre, P.; Merrien, P.; Lieurade, R.P.; Fabbro, R. Laser induced shock waves as surface treatment for 7075-T7351 aluminum alloy.
Surf. Eng. 1995, 11, 47–52. [CrossRef]

95. Glaser, D.; Polese, C.; Venter, A.; Marais, D.; Plaisier, J. Evaluation of laser shock peening process parameters incorporating Almen
strip deflections. Surf. Coat. Technol. 2022, 434, 128158. [CrossRef]

96. Sano, Y.; Kimura, S.; Obata, M.; Sudo, A.; Kobayashi, M.; Shima, S. Application of Power Lasers to Maintenance Work in Nuclear
Power Plants. Rev. Laser Eng. 2000, 28, 85–86. [CrossRef]

97. Zhu, J.; Jiao, X.; Zhou, C.; Gao, H. Applications of Underwater Laser Peening in Nuclear Power Plant Maintenance. Energy
Procedia 2012, 16, 153–158. [CrossRef]

98. Hilton, P.; Nguyen, L. A new method of laser beam induced surface modification using the Surfi-Sculpt®® process. PICALO 2008,
2008, 61. [CrossRef]

99. Buxton, A.L. EB surface engineering for high performance heat exchangers. In Proceedings of the First International Electron
Beam Welding Conference, Chicago, IL, USA, 17–18 November 2019; Volume 1.

100. Feistauer, E.E.; Dos Santos, J.F.; Amancio-Filho, S.T. A review on direct assembly of through-the-thickness reinforced metal–
polymer composite hybrid structures. Polym. Eng. Sci. 2018, 59, 661–674. [CrossRef]

101. Wang, X.C.; Gong, S.L.; Guo, E.M.; Zhao, H.Y.; Xu, H.D. Primary Study on Electron Beam Surfi-Sculpt of Ti-6Al-4V. Adv. Mater.
Res. 2011, 418–420, 772–776. [CrossRef]

102. Wang, X.; Guo, E.; Gong, S.; Li, B. Realization and Experimental Analysis of Electron Beam Surfi-Sculpt on Ti-6Al-4V Alloy. Rare
Met. Mater. Eng. 2014, 43, 819–822. [CrossRef]

103. Frerichs, F.; Lu, Y.; Lübben, T.; Radel, T. Process Signature for Laser Hardening. Metals 2021, 11, 465. [CrossRef]
104. Moradi, M.; KaramiMoghadam, M. High power diode laser surface hardening of AISI 4130; statistical modelling and optimization.

Opt. Laser Technol. 2019, 111, 554–570. [CrossRef]
105. Wang, Q.; Zhou, Y.; Wu, P.; Qu, C.; Wang, H. Effect of Laser Surface Structuring on Surface Wettability and Tribological

Performance of Bulk Metallic Glass. Crystals 2022, 12, 748. [CrossRef]
106. Laki, G.; Nagy, A.L.; Rohde-Brandenburger, J.; Hanula, B. A Review on Friction Reduction by Laser Textured Surfaces in Internal

Combustion Engines. Tribol. Online 2022, 17, 318–334. [CrossRef]
107. Ronen, A.; Etsion, I.; Kligerman, Y. Friction-Reducing Surface-Texturing in Reciprocating Automotive Components. Tribol. Trans.

2001, 44, 359–366. [CrossRef]
108. Vishnoi, M.; Kumar, P.; Murtaza, Q. Surface texturing techniques to enhance tribological performance: A review. Surf. Interfaces

2021, 27, 101463. [CrossRef]
109. Kouediatouka, A.N.; Ma, Q.; Liu, Q.; Mawignon, F.J.; Rafique, F.; Dong, G. Design Methodology and Application of Surface

Texture: A Review. Coatings 2022, 12, 1015. [CrossRef]
110. Badiceanu, M.; Anghel, S.; Mihailescu, N.; Visan, A.I.; Mihailescu, C.N.; Mihailescu, I.N. Coatings Functionalization via Laser

versus Other Deposition Techniques for Medical Applications: A Comparative Review. Coatings 2022, 12, 71. [CrossRef]
111. Putignano, C.; Scarati, D.; Gaudiuso, C.; Di Mundo, R.; Ancona, A.; Carbone, G. Soft matter laser micro-texturing for friction

reduction: An experimental investigation. Tribol. Int. 2019, 136, 82–86. [CrossRef]
112. Middleman, K.; Herbert, J.; Reid, R. Cleaning stainless steel for use in accelerators—Phase 1. Vacuum 2007, 81, 793–798. [CrossRef]
113. Yazdi, M.S.; Rezayat, M.; Rovira, J.J.R. ElectroCatalytic Activity of Nickel Foam with Co, Mo, and Ni Phosphide Nanostructures.

Plasma 2022, 5, 221–232. [CrossRef]
114. Ashkani, O.; Tavighi, M.R.; Karamimoghadam, M.; Moradi, M.; Bodaghi, M.; Rezayat, M. Influence of Aluminum and Copper on

Mechanical Properties of Biocompatible Ti-Mo Alloys: A Simulation-Based Investigation. Micromachines 2023, 14, 1081. [CrossRef]
115. Rezayat, M.; Karamimoghadam, M.; Yazdi, M.S.; Moradi, M.; Bodaghi, M. Statistical analysis of experimental factors for synthesis

of copper oxide and tin oxide for antibacterial applications. Int. J. Adv. Manuf. Technol. 2023, 127, 3017–3030. [CrossRef]
116. Gruss, B. Cleaning and surface preparation. Met. Finish. 2010, 108, 7–13. [CrossRef]
117. Rezayat, M.; Yazdi, M.S.; Noghani, M.T.; Ahmadi, R. Bactericidal Properties of Copper-Tin Nanoparticles on Escherichia coli in a

Liquid Environment. Plasma 2020, 3, 153–165. [CrossRef]
118. Richard, K. Einfluß des Schweißens auf die Eigenschaften austenitischer CrNi- und CrNiMo-Stähle im Chemiebetrieb. Chem. Ing.

Tech. 1969, 41, 485–490. [CrossRef]
119. Scully, J. Corrosion handbook for stainless steels: ISBN 91-630 2122-6. Avesta Sheffield AB 1994, 132 pp. Hardback: £20; Paperback:

£15. Corros. Sci. 1994, 36, 1949–1950. [CrossRef]
120. Borchert, M.; Mori, G.; Bischof, M.; Tomandl, A. Accelerated SCC Testing of Stainless Steels According to Corrosion Resistance

Classes. Corros. Sci. Technol. 2015, 14, 280–287. [CrossRef]
121. Nürnberger, U.; Wu, Y. Stainless steel in concrete structures and in the fastening technique. Mater. Corros. 2008, 59, 144–158.

[CrossRef]
122. Cañero-Nieto, J.M.; Solano-Martos, J.F.; Martín-Fernández, F. A comparative study of image processing thresholding algorithms

on residual oxide scale detection in stainless steel production lines. Procedia Manuf. 2019, 41, 216–223. [CrossRef]
123. Nowak, W.J. Effect of Surface Roughness on Oxidation Resistance of Stainless Steel AISI 316Ti During Exposure at High

Temperature. J. Mater. Eng. Perform. 2020, 29, 8060–8069. [CrossRef]

https://doi.org/10.4028/www.scientific.net/KEM.197.121
https://doi.org/10.1179/sur.1995.11.1.47
https://doi.org/10.1016/j.surfcoat.2022.128158
https://doi.org/10.2184/lsj.28.Supplement_85
https://doi.org/10.1016/j.egypro.2012.01.026
https://doi.org/10.2351/1.5057092
https://doi.org/10.1002/pen.25022
https://doi.org/10.4028/www.scientific.net/AMR.418-420.772
https://doi.org/10.1016/S1875-5372(14)60091-6
https://doi.org/10.3390/met11030465
https://doi.org/10.1016/j.optlastec.2018.10.043
https://doi.org/10.3390/cryst12050748
https://doi.org/10.2474/trol.17.318
https://doi.org/10.1080/10402000108982468
https://doi.org/10.1016/j.surfin.2021.101463
https://doi.org/10.3390/coatings12071015
https://doi.org/10.3390/coatings12010071
https://doi.org/10.1016/j.triboint.2019.03.001
https://doi.org/10.1016/j.vacuum.2005.11.057
https://doi.org/10.3390/plasma5020017
https://doi.org/10.3390/mi14051081
https://doi.org/10.1007/s00170-023-11728-z
https://doi.org/10.1016/S0026-0576(10)00037-1
https://doi.org/10.3390/plasma3030011
https://doi.org/10.1002/cite.330410802
https://doi.org/10.1016/0010-938X(94)90030-2
https://doi.org/10.14773/cst.2015.14.6.280
https://doi.org/10.1002/maco.200804150
https://doi.org/10.1016/j.promfg.2019.07.049
https://doi.org/10.1007/s11665-020-05267-x


Metals 2023, 13, 1268 25 of 27

124. Sjögren, L.; Camitz, G.; Peultier, J.; Jacques, S.; Baudu, V.; Barrau, F.; Chareyre, B.; Bergquist, A.; Pourbaix, A.; Carpentiers, P.
Corrosion resistance of stainless steel pipes in soil. Mater. Corros. 2010, 62, 299–309. [CrossRef]

125. Westin, E.M.; Johansson, M.M.; Pettersson, R.F.A. Effect of nitrogen-containing shielding and backing gas on the pitting corrosion
resistance of welded lean duplex stainless steel LDX 2101® (EN 1.4162, UNS S32101). Weld. World 2013, 57, 467–476. [CrossRef]

126. Paredes, E.C.; Bautista, A.; Velasco, F.J.; Álvarez, S.M. Welded, pickled stainless steel reinforcements: Corrosion results after 9
years in mortar. Mag. Concr. Res. 2016, 68, 1099–1109. [CrossRef]

127. Peultier, J.; Barrau, F.; Gagnepain, J.-C.; Soulignac, P. Duplex and Superduplex stainless steel grades for wet flue gas desulphurisa-
tion systems. Rev. Met. Paris 2008, 105, 286–295. [CrossRef]

128. Aslam, R.; Mobin, M.; Zehra, S.; Aslam, J. A comprehensive review of corrosion inhibitors employed to mitigate stainless steel
corrosion in different environments. J. Mol. Liq. 2022, 364, 119992. [CrossRef]

129. Richaud-Minier, H.; Marchebois, H.; Gerard, P. Titanium and super stainless steel welded tubing solutions for sea water cooled
heat exchangers. Mater. Technol. 2009, 24, 191–200. [CrossRef]

130. Zhang, S.; Jiang, Z.; Li, H.; Zhang, B.; Chang, P.; Wu, J.; Feng, H.; Zhu, H. Catastrophic oxidation mechanism of hyper duplex
stainless steel S32707 at high temperature in air. Mater. Charact. 2018, 145, 233–245. [CrossRef]

131. Carlsson, J.-O.; Martin, P.M. Chemical Vapor Deposition. In Handbook of Deposition Technologies for Films and Coatings; Elsevier:
Amsterdam, The Netherlands, 2010; pp. 314–363. [CrossRef]

132. Dahmen, K.-H. Chemical Vapor Deposition. In Encyclopedia of Physical Science and Technology; Elsevier: Amsterdam, The
Netherlands, 2003; pp. 787–808. [CrossRef]

133. Klein, L.C. Optical Materials. In Encyclopedia of Modern Optics; Elsevier: Amsterdam, The Netherlands, 2005; pp. 16–21. [CrossRef]
134. Wang, D.; Bierwagen, G.P. Sol–gel coatings on metals for corrosion protection. Prog. Org. Coat. 2009, 64, 327–338. [CrossRef]
135. Minagar, S.; Berndt, C.C.; Wang, J.; Ivanova, E.; Wen, C. A review of the application of anodization for the fabrication of nanotubes

on metal implant surfaces. Acta Biomater. 2012, 8, 2875–2888. [CrossRef]
136. Nancharaiah, Y.; Mohan, S.V.; Lens, P. Metals removal and recovery in bioelectrochemical systems: A review. Bioresour. Technol.

2015, 195, 102–114. [CrossRef]
137. Koelmel, J.; Prasad, M.; Velvizhi, G.; Butti, S.; Mohan, S.V. Metalliferous Waste in India and Knowledge Explosion in Metal

Recovery Techniques and Processes for the Prevention of Pollution. Environ. Mater. Waste 2016, 339–390. [CrossRef]
138. Beaunier, L.; Keddam, M.; Pillier, F.; Beaunier, P. Phase Transformation in Molybdenum Surface Implanted Stainless Steel:

Microstructural Corrosion Characteristics. Mater. Sci. Forum 1993, 126–128, 507–510. [CrossRef]
139. Ives, M.; Akano, U.; Lu, Y.; Ruijin, G.; Srivastava, S. Corrosion behaviour of molybdenum-implanted stainless steel. Corros. Sci.

1990, 31, 367–376. [CrossRef]
140. Fewell, M.; Mitchell, D.; Priest, J.; Short, K.; Collins, G. The nature of expanded austenite. Surf. Coat. Technol. 2000, 131, 300–306.

[CrossRef]
141. Blawert, C.; Kalvelage, H.; Mordike, B.; Collins, G.; Short, K.; Jirásková, Y.; Schneeweiss, O. Nitrogen and carbon expanded

austenite produced by PI3. Surf. Coat. Technol. 2001, 136, 181–187. [CrossRef]
142. Huang, X.; Zhu, W.; Chen, K.; Narayan, R.L.; Ramamurty, U.; Zhou, L.; He, W. Twin and dislocation induced grain subdivision

and strengthening in laser shock peened Ti. Int. J. Plast. 2022, 159, 103476. [CrossRef]
143. Kumar, P.; Jayaraj, R.; Zhu, Z.; Narayan, R.; Ramamurty, U. Role of metastable austenite in the fatigue resistance of 304L stainless

steel produced by laser-based powder bed fusion. Mater. Sci. Eng. A 2022, 837, 142744. [CrossRef]
144. Warren, A.; Guo, Y.; Chen, S. Massive parallel laser shock peening: Simulation, analysis, and validation. Int. J. Fatigue 2008, 30,

188–197. [CrossRef]
145. Zhang, C.; Dong, Y.; Ye, C. Recent Developments and Novel Applications of Laser Shock Peening: A Review. Adv. Eng. Mater.

2021, 23, 2001216. [CrossRef]
146. Nath, A.K.; Gupta, A.; Benny, F. Theoretical and experimental study on laser surface hardening by repetitive laser pulses. Surf.

Coat. Technol. 2012, 206, 2602–2615. [CrossRef]
147. Bailey, N.S.; Tan, W.; Shin, Y.C. Predictive modeling and experimental results for residual stresses in laser hardening of AISI 4140

steel by a high power diode laser. Surf. Coat. Technol. 2009, 203, 2003–2012. [CrossRef]
148. Sarkar, S.; Gopinath, M.; Chakraborty, S.S.; Syed, B.; Nath, A.K. Analysis of temperature and surface hardening of low carbon

thin steel sheets using Yb-fiber laser. Surf. Coat. Technol. 2016, 302, 344–358. [CrossRef]
149. Gopi, R.; Saravanan, I.; Devaraju, A.; Loganathan, G.B. Investigation of shot peening process on stainless steel and its effects for

tribological applications. Mater. Today Proc. 2020, 22, 580–584. [CrossRef]
150. Rai, P.K.; Pandey, V.; Chattopadhyay, K.; Singhal, L.K.; Singh, V. Effect of Ultrasonic Shot Peening on Microstructure and

Mechanical Properties of High-Nitrogen Austenitic Stainless Steel. J. Mater. Eng. Perform. 2014, 23, 4055–4064. [CrossRef]
151. Rajan, S.S.; Manivasagam, G.; Ranganathan, M.; Swaroop, S. Influence of laser peening without coating on microstructure and

fatigue limit of Ti-15V-3Al-3Cr-3Sn. Opt. Laser Technol. 2019, 111, 481–488. [CrossRef]
152. Praveenkumar, K.; Swaroop, S.; Manivasagam, G. Effect of multiple laser peening on microstructural, fatigue and fretting-wear

behaviour of austenitic stainless steel. Surf. Coat. Technol. 2022, 443, 128611. [CrossRef]
153. Kalainathan, S.; Sathyajith, S.; Swaroop, S. Effect of laser shot peening without coating on the surface properties and corrosion

behavior of 316L steel. Opt. Lasers Eng. 2012, 50, 1740–1745. [CrossRef]

https://doi.org/10.1002/maco.200905552
https://doi.org/10.1007/s40194-013-0046-2
https://doi.org/10.1680/jmacr.15.00328
https://doi.org/10.1051/metal:2008042
https://doi.org/10.1016/j.molliq.2022.119992
https://doi.org/10.1179/106678509X12475883949422
https://doi.org/10.1016/j.matchar.2018.08.041
https://doi.org/10.1016/b978-0-8155-2031-3.00007-7
https://doi.org/10.1016/b0-12-227410-5/00102-2
https://doi.org/10.1016/b0-12-369395-0/00873-3
https://doi.org/10.1016/j.porgcoat.2008.08.010
https://doi.org/10.1016/j.actbio.2012.04.005
https://doi.org/10.1016/j.biortech.2015.06.058
https://doi.org/10.1016/b978-0-12-803837-6.00015-9
https://doi.org/10.4028/www.scientific.net/MSF.126-128.507
https://doi.org/10.1016/0010-938X(90)90133-P
https://doi.org/10.1016/S0257-8972(00)00804-5
https://doi.org/10.1016/S0257-8972(00)01050-1
https://doi.org/10.1016/j.ijplas.2022.103476
https://doi.org/10.1016/j.msea.2022.142744
https://doi.org/10.1016/j.ijfatigue.2007.01.033
https://doi.org/10.1002/adem.202001216
https://doi.org/10.1016/j.surfcoat.2011.11.019
https://doi.org/10.1016/j.surfcoat.2009.01.039
https://doi.org/10.1016/j.surfcoat.2016.06.045
https://doi.org/10.1016/j.matpr.2019.08.215
https://doi.org/10.1007/s11665-014-1180-8
https://doi.org/10.1016/j.optlastec.2018.10.027
https://doi.org/10.1016/j.surfcoat.2022.128611
https://doi.org/10.1016/j.optlaseng.2012.07.007


Metals 2023, 13, 1268 26 of 27

154. Earl, C.; Hilton, P.; O’neill, B. Parameter Influence on Surfi-Sculpt Processing Efficiency. Phys. Procedia 2012, 39, 327–335.
[CrossRef]

155. Moradi, M.; Arabi, H.; Moghadam, M.K.; Benyounis, K.Y. Enhancement of surface hardness and metallurgical properties of AISI
410 by laser hardening process; diode and Nd:YAG lasers. Optik 2019, 188, 277–286. [CrossRef]

156. Cao, B.; Iwamoto, T.; Bhattacharjee, P. An experimental study on strain-induced martensitic transformation behavior in SUS304
austenitic stainless steel during higher strain rate deformation by continuous evaluation of relative magnetic permeability. Mater.
Sci. Eng. A 2020, 8, 138927. [CrossRef]

157. Kim, Y.H.; Kim, K.Y.; Lee, Y.D. Nitrogen-Alloyed, Metastable Austenitic Stainless Steel for Automotive Structural Applications.
Mater. Manuf. Process. 2004, 19, 51–59. [CrossRef]

158. Panov, D.; Pertsev, A.; Smirnov, A.; Khotinov, V.; Simonov, Y. Metastable Austenitic Steel Structure and Mechanical Properties
Evolution in the Process of Cold Radial Forging. Materials 2019, 12, 2058. [CrossRef] [PubMed]

159. Panov, D.; Chernichenko, R.; Naumov, S.; Pertcev, A.; Stepanov, N.; Zherebtsov, S.; Salishchev, G. Excellent strength-toughness
synergy in metastable austenitic stainless steel due to gradient structure formation. Mater. Lett. 2021, 303, 130585. [CrossRef]

160. Kołodziejczak, P.; Bober, M.; Chmielewski, T. Wear Resistance Comparison Research of High-Alloy Protective Coatings for Power
Industry Prepared by Means of CMT Cladding. Appl. Sci. 2022, 12, 4568. [CrossRef]

161. Zhou, F.; Jiang, W.; Du, Y.; Xiao, C. A Comprehensive Numerical Approach for Analyzing the Residual Stresses in AISI 301LN
Stainless Steel Induced by Shot Peening. Materials 2019, 12, 3338. [CrossRef]

162. Roshith, P. The influence of compressive residual stress on metallurgical and mechanical properties of materials exposed to shot
peening: A review. Can. Met. Q. 2023, 1–41. [CrossRef]

163. John, M.; Kalvala, P.R.; Misra, M.; Menezes, P.L. Peening Techniques for Surface Modification: Processes, Properties, and
Applications. Materials 2021, 14, 3841. [CrossRef]

164. Lu, G.; Wang, D.; Gao, S.; Li, H.; Ji, Z.; Yao, C. Will the laser shock-induced residual stress hole inevitably occur? J. Mater. Res.
Technol. 2022, 18, 3626–3630. [CrossRef]

165. Feng, A.; Zhao, J.; Lin, J.; Pan, X.; Wang, C.; Lu, Z. Effect of Laser Quenching-Shock Peening Strengthening on the Microstructure
and Mechanical Properties of Cr12MoV Steel. Materials 2022, 15, 6693. [CrossRef]

166. Obeidi, M.A.; McCarthy, E.; Brabazon, D. Methodology of laser processing for precise control of surface micro-topology. Surf.
Coat. Technol. 2016, 307, 702–712. [CrossRef]

167. Obeidi, M.A.; McCarthy, E.; Kailas, L.; Brabazon, D. Laser surface texturing of stainless steel 316L cylindrical pins for interference
fit applications. J. Mater. Process. Technol. 2018, 252, 58–68. [CrossRef]

168. Martelo, D.; Mateo, A. Chapetti Fatigue crack growth of a metastable austenitic stainless steel. Int. J. Fatigue 2015, 80, 406–416.
[CrossRef]

169. Smaga, M.; Boemke, A.; Daniel, T.; Skorupski, R.; Sorich, A.; Beck, T. Fatigue Behavior of Metastable Austenitic Stainless Steels in
LCF, HCF and VHCF Regimes at Ambient and Elevated Temperatures. Metals 2019, 9, 704. [CrossRef]

170. Ling, X.; Ma, G. Effect of Ultrasonic Impact Treatment on the Stress Corrosion Cracking of 304 Stainless Steel Welded Joints. J.
Press. Vessel. Technol. 2009, 131, 051502. [CrossRef]

171. Khurshid, M.; Leitner, M.; Barsoum, Z.; Schneider, C. Residual stress state induced by high frequency mechanical impact
treatment in different steel grades—Numerical and experimental study. Int. J. Mech. Sci. 2017, 123, 34–42. [CrossRef]

172. Nikitin, I.; Altenberger, I.; Scholtes, B. Residual Stress State and Cyclic Deformation Behaviour of Deep Rolled and Laser-Shock
Peened AISI 304 Stainless Steel at Elevated Temperatures. Mater. Sci. Forum 2005, 490–491, 376–383. [CrossRef]

173. Velu, R.; Kumar, A.V.; Balan, A.; Mazumder, J. Laser aided metal additive manufacturing and postprocessing. In Addit Manuf ;
Elsevier: Amsterdam, The Netherlands, 2021; pp. 427–456. [CrossRef]

174. Tsay, L.; Liu, Y.; Lin, D.-Y.; Young, M. The use of laser surface-annealed treatment to retard fatigue crack growth of austenitic
stainless steel. Mater. Sci. Eng. A 2004, 384, 177–183. [CrossRef]

175. Pantelis, D.; Bouyiouri, E.; Kouloumbi, N.; Vassiliou, P.; Koutsomichalis, A. Wear and corrosion resistance of laser surface
hardened structural steel. Surf. Coat. Technol. 2002, 161, 125–134. [CrossRef]

176. Martin, M.L.; Fenske, J.A.; Liu, G.S.; Sofronis, P.; Robertson, I.M. On the formation and nature of quasi-cleavage fracture surfaces
in hydrogen embrittled steels. Acta Mater. 2011, 59, 1601–1606. [CrossRef]

177. Wang, X.; Jiang, J.; Tian, Y. A Review on Macroscopic and Microstructural Features of Metallic Coating Created by Pulsed Laser
Material Deposition. Micromachines 2022, 13, 659. [CrossRef] [PubMed]

178. Kurelo, B.C.S.; de Souza, G.B.; Serbena, F.C.; de Oliveira, W.R.; Marino, C.E.; Taminato, L.A. Performance of nitrogen ion-
implanted supermartensitic stainless steel in chlorine- and hydrogen-rich environments. Surf. Coat. Technol. 2018, 351, 29–41.
[CrossRef]

179. Kulka, M.; Panfil, D.; Michalski, J.; Wach, P. The effects of laser surface modification on the microstructure and properties of
gas-nitrided 42CrMo4 steel. Opt. Laser Technol. 2016, 82, 203–219. [CrossRef]

180. Orellana, L.M.; Pérez, F.; Gómez, C. The effect of nitrogen ion implantation on the corrosion behaviour of stainless steels in
chloride media. Surf. Coat. Technol. 2005, 200, 1609–1615. [CrossRef]

181. Borowski, T. Enhancing the Corrosion Resistance of Austenitic Steel Using Active Screen Plasma Nitriding and Nitrocarburising.
Materials 2021, 14, 3320. [CrossRef]

https://doi.org/10.1016/j.phpro.2012.10.045
https://doi.org/10.1016/j.ijleo.2019.05.057
https://doi.org/10.1016/j.msea.2020.138927
https://doi.org/10.1081/AMP-120027498
https://doi.org/10.3390/ma12132058
https://www.ncbi.nlm.nih.gov/pubmed/31248031
https://doi.org/10.1016/j.matlet.2021.130585
https://doi.org/10.3390/app12094568
https://doi.org/10.3390/ma12203338
https://doi.org/10.1080/00084433.2023.2213045
https://doi.org/10.3390/ma14143841
https://doi.org/10.1016/j.jmrt.2022.04.017
https://doi.org/10.3390/ma15196693
https://doi.org/10.1016/j.surfcoat.2016.09.075
https://doi.org/10.1016/j.jmatprotec.2017.09.016
https://doi.org/10.1016/j.ijfatigue.2015.06.029
https://doi.org/10.3390/met9060704
https://doi.org/10.1115/1.3147988
https://doi.org/10.1016/j.ijmecsci.2017.01.027
https://doi.org/10.4028/www.scientific.net/MSF.490-491.376
https://doi.org/10.1016/b978-0-12-818411-0.00023-9
https://doi.org/10.1016/j.msea.2004.06.010
https://doi.org/10.1016/S0257-8972(02)00495-4
https://doi.org/10.1016/j.actamat.2010.11.024
https://doi.org/10.3390/mi13050659
https://www.ncbi.nlm.nih.gov/pubmed/35630126
https://doi.org/10.1016/j.surfcoat.2018.07.058
https://doi.org/10.1016/j.optlastec.2016.02.021
https://doi.org/10.1016/j.surfcoat.2005.08.034
https://doi.org/10.3390/ma14123320


Metals 2023, 13, 1268 27 of 27

182. Chan, W.K. Laser Surface Melting (LSM) of Stainless Steels for Mitigating Intergranular Corrosion (IGC). In Woodhead Publishing
Series in Metals and Surface Engineering; Elsevier: Amsterdam, The Netherlands, 2012; pp. 79–108.
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