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Abstract: The ability to manufacture parts with complex geometry by sending a model from CAD
directly to the manufacturing machine has attracted much attention in the industry, driving the
development of additive manufacturing technology. However, studies have shown that components
manufactured using additive manufacturing technology have several problems, namely high tensile
residual stresses, cracks, and voids, which are known to have a major impact on material performance
(in service). Therefore, various post-treatment methods have been developed to address these
drawbacks. Among the post-treatment techniques, laser shock peening (LSP) is currently considered
one of the most efficient post-treatment technologies for improving the mechanical properties of
materials. In practice, LSP is responsible for eliminating unfavorable tensile residual stresses and
generating compressive residual stresses (CRS), which result in higher resistance to crack initiation
and propagation, thus increasing component life. However, since CRS depends on many parameters,
the optimization of LSP parameters remains a challenge. In this paper, a general overview of AM and
LSP technology is first provided. It then describes which parameters have a greater influence during
powder bed melting and LSP processing and how they affect the microstructure and mechanical
properties of the material. Experimental, numerical, and analytical optimization approaches are also
presented, and their results are discussed. Finally, a performance evaluation of the LSP technique
in powder bed melting of metallic materials is presented. It is expected that the analysis presented
in this review will stimulate further studies on the optimization of parameters via experimental,
numerical, and perhaps analytical approaches that have not been well studied so far.

Keywords: laser shock peening; powder bed fusion; fatigue; residual stress

1. Introduction

According to the International Organization for Standardization/American Society
for Testing and Materials in ISO/ASTM 52900:21, additive manufacturing is defined as “a
process for joining materials to create physical objects specified by 3D model data” [1]. Un-
like conventional manufacturing methods, which are subtractive, additive manufacturing
sends data from CAD to the machine, and the part is made layer by layer until it is finished.

Recently, additive manufacturing technology is gaining momentum in various indus-
tries, such as aerospace [2,3], automotive [4], biomedical [5,6], and marine [7]. According
to a report by Grand View Research, the global market for metal 3D printing is estimated
at USD 656.5 million, with nearly 50% of this technology in the aerospace and defense
industry, as shown in Figure 1, which was plotted using data collected from the report [8].
In another report by the same institute, the market for AM technology is expected to reach
USD 76.16 billion by 2030 [9].
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Figure 1. Market share of additive manufacturing in several industries.

There are many reasons for the increasing use of AM technology, for example, its ability
to produce components with complex geometry in a single step, which is very difficult
and sometimes impossible with conventional manufacturing technologies. Another major
advantage of AM is that components are built layer by layer, which allows for more efficient
use of materials because no material is wasted. In addition, AM methods can produce
lighter components, which is highly valued in the aerospace industry, where a combination
of safety and weight is important. Many other reasons contribute to the exploration of
AM technology. The fact that a model is sent directly from CAD to the AM machine to
produce a part helps save a lot of time by eliminating intermediate steps normally involved
in conventional manufacturing, thus reducing time to market.

Many AM techniques have been developed, but they are all based on the same basic
principle: a component is built up layer by layer until the component is complete. According
to ASTM [1], additive manufacturing processes are divided into the following categories:
material jetting, VAT polymerization, binder jetting, powder bed fusion, sheet lamination,
and directed energy deposition, as shown in Figure 2.

Material Jetting

VAT photo Powder Bed
polymerization Fusion

Additive Manufacturing
Techniques

[ Binder Jetting Sheet Lamination ‘

Material ’ ‘ Directed Energy
Extrusion Deposition

Figure 2. Additive manufacturing techniques.

In the early stages of AM technology development, the focus was on paper laminates,
waxes, and polymers, but in subsequent years, the scope expanded to include other types
of materials such as metals, composites, and ceramics. The AM techniques shown in
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Figure 2 can process all of these materials, but there are specific techniques that are best
suited for each type of material. For example, for metallic materials, PBF, sheet lamination,
binder jetting, and directed energy deposition are best suited, which is referred to as
metallic additive manufacturing (MAM). In practical engineering applications, ensuring
the reliability and safe operation of additively manufactured components is important,
particularly for components that include notch features since the areas of geometrical
discontinuities are recognized as stress concentration points. To ensure the integrity of
AM-built components, Niu et al. [10] proposed a defect-tolerant approach that considers
size effect, notch effect, and fatigue scatter. One great advantage of the proposed approach
is the ability to estimate the AM part allowable defect size, and it has been shown that the
size effect influences the lifetime of components [11].

Although the use of AM technology offers great advantages over conventional manu-
facturing processes, parts produced with AM processes still have shortcomings, such as
surface defects, void formation, undesirable residual stresses, and anisotropic microstruc-
ture. All of these problems are known to negatively impact part strength and shorten part
life. To counteract the problems associated with AM, several researchers have conducted
several studies. For example, Gong et al. [12] studied the SLM samples of Ti6Al4V in-
tentionally fabricated with defects by changing the manufacturer’s standard parameters
to find an explanation for the defect formation. Based on the porosity results, a process
window was created with four zones: “completely dense” (zone I), “overmelting” (zone II),
“incomplete melting” (zone III), and “overheating” (zone OH) to show how the process
parameters affect defect formation. Among these zones, it has been shown that only Zone I
samples, which are free of porosity, can be produced with specific parameters that must be
tuned to the material [13]. According to Li et al. [14], there are more than 100 parameters in
the literature that affect the performance of an additively manufactured material. For this
reason, it is not possible to solve the AM problems only by an optimization process.

To extend the lifetime of components manufactured with AM techniques, numerous
surface post-treatment techniques have been developed, namely heat treatment (HT), hot
isostatic pressing (HIP), nanocrystalline surface modification with ultrasound (UNSM),
shot peening (SP), and LSP. Among the post-treatment methods, heat treatment is used to
reduce the residual stresses generated in AM processes due to the high thermal gradient
and rapid cooling rate. HIP has been successfully used to reduce porosity in IN718 [15,16],
and the reduction in porosity resulted in an increase in lifetime. While the authors [17]
found in one study that treatment with HIP alone improved fatigue strength by more than
100% compared to printed and stress-relieved specimens, in another study, better fatigue
performance was achieved by stress relief rather than a combination of SR and HIP [18].
The authors concluded that the reduction in fatigue life was due to the presence of surface
defects during HIP and that the complete elimination of pores was not achieved even at
pressures greater than 100 MPa. Studies conducted with other post-processing methods
such as UNSM [19], SP [20,21], and LSP [22] have shown that they were able to improve
fatigue life by introducing CRS as well as by creating grain refinement.

Among all these surface post-treatment methods, LSP is currently considered one of
the most efficient post-treatment technologies for improving the mechanical properties
of the materials. Several advantages are associated with LSP technology. For example,
Plessis et al. [23] applied the LSP technique to AlSi10Mg prepared by laser powder bed
fusion (LPBF). The results showed that the LSP technique is able to close surface pores. It
is known that areas with pores usually act as crack initiators, so LSP increases the fatigue
strength of the material. Compared to SP, LSP treatment results in CRS with higher stability
because it causes less cold deformation. Moreover, the LSP method achieves greater CRS
depth [24]. In addition, LSP treatment allows the application of shock peening to compo-
nents with different geometries as well as in certain areas of complex geometries that cannot
be achieved with other surface treatments, which increases component lifetime. Since the
CRS produced by LSP depends on the LSP parameters, they can be modified to produce a
desired compressive residual stress field and avoid tensile stresses at critical locations.



Metals 2023, 13, 1762

4 of 28

There are many general reviews of the application of LSP surface treatment [25-28] to
materials produced by conventional methods. A review of the effects of LSP on AM metals
was written by Munther et al. [29], and in another review, the authors focused on LSP
on materials prepared by PBF and laser-based directed energy deposition [30]. Recently,
many other studies have been conducted on the application of LSP to PBF materials. In
this review, these studies are added and discussed. Moreover, it is well known that the
LSP optimization process is still a problem to be solved and there are not many reviews
focusing on the optimization process. In this review, a brief introduction to AM and LSP
is first given, followed by a description of some aspects of the PBF method, including the
microstructure, mechanical properties, and residual stress of PBF materials. The effects
of LSP on microstructure, mechanical properties, and residual stress are also examined.
Experimental, numerical, and analytical optimization approaches are also presented, and
their results are discussed. Finally, a performance evaluation of LSP technique in powder
bed melting of metallic materials is presented.

2. Powder Bed Fusion Process
2.1. PBF Working Principle

Powder Bed Fusion is known as the first commercially available AM technology; it
is also the most widely used AM process for metallic materials. The operating principle
of PBF is shown in Figure 3. The process takes place in a 3D printer with a controlled
atmosphere (under argon/nitrogen), so that oxidation can be avoided during the process
and the powder can be deposited after each layer. The PBF device also consists of a build
plate, also called a substrate, which is usually made of metal. The powdered material is
applied to the build plate in a thin layer using a roller. Then, energy from a heat source is
directed specifically to melt the powder on the substrate and create a cross-section of that
layer. The process continues layer by layer until the complete component is finished.

Powder depositor
and leveller

Melted powder

ol
Pre-laid T
Y

powder
layers

Laser beam

Powder bed

l

Substrate
Processing table

\l Fabricated
component

Figure 3. PBF schematic [31].

PBF technology usually uses an electron beam gun or a laser beam as an energy
source, but other types of thermal energy sources can also be used. The most commonly
used energy source in PBF is lasers. Many types of PBF technology have been developed,
the most common of which are Selective Laser Sintering (PBF-LB/P, SLS), Electron Beam
Melting (PBF-EB/M, EBM), Selective Laser Melting (PBF-LB, SLM), Selective Heat Sintering
(SHS), Multi Jet Fusion (PBF-IrL /P, MJF), and Direct Metal Laser Sintering (DMLS). The
full description of each of these PBF variants can be found in [32].

As for the materials to be used for PBF, materials that can be melted and re-solidified
are suitable for this method. The most commonly used metals in PBF are steel, stainless
steel, nickel-based alloys, aluminum, and titanium. Despite their great advantages, PBF
components, like all AM techniques, also have some internal and external defects, namely
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high tensile residual stresses [33,34] anisotropic and inhomogeneous microstructure [35], a
high degree of surface roughness [34], and porosity [12,36,37]. The fatigue performance
of as-built materials is greatly affected by the combined effects of the as-built defects in
the materials.

2.2. Processing Parameters

The success of PBF processing depends on many parameters, as shown in Figure 4.
For this reason, PBF parameters are usually optimized to ensure a high quality of the final
product. Often, PBF machine manufacturers offer their customers optimized parameters
for a specific condition.

parameters

Laser-related Scan-related Powder-related Temperature-related

Laser power Scan speed Particle size Powder bed
femperature
Spot size Scan spacin, Farticle shape &
i L distribution Powder feeder
femperature
Pulse duration Scan pattern Powder bed density
Temperature
uniformity
Pulse frequency Laver thickness
Material properties

Figure 4. PBF processing parameters [36].

The dependence of the final product on many parameters increases the complexity of
the process. For this reason, Jia et al. [38,39] and Sateesh et al. [40] combine laser power,
scan speed, hatch spacing, and layer thickness/beam diameter into a single parameter
called volumetric energy density, laser energy density, and linear laser energy density.
For example, in the SLM process, the scan speed, laser power, hatch spacing, and layer
thickness have the most influence [36], and many studies have used these parameters to
increase the density of the final product [41,42]. The processing parameters in the PBF
process can be calculated using the following equations:

P

E=— M
p

=3 2)
P

¢ = ohd ©)

where E is the energy density in J/mm?, P is the laser power in J/s; v is the scan speed
in m/s; J is the hatch spacing in mm, 7 is the linear energy density in J/mm, ¢ is the
volumetric energy density in J/mm3;  is the hatch spacing in pm; and d is the layer
thickness in um.
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2.3. Mechanical Properties

To understand how build orientations and HT affect both the microstructure and me-
chanical properties of additively manufactured IN718, dog bone specimens were fabricated
with four different build orientations 0°, 45°, 55°, and 90° [43]. The results of tensile tests
showed that the highest yield stress and UTS were obtained at 55°, followed by 90°, while
the highest elongation was observed at 45°. The results also showed that higher mechanical
properties were obtained for vertically fabricated specimens than for horizontal specimens,
which is contrary to the results obtained by Podgornk et al. [44] and Alsalla et al. [45].

Regarding aluminum alloys, Read et al. [46] studied the influence of the parameters
used in the SLM process. The mechanical properties of the study were obtained using
optimized parameters determined using a statistical approach called the design of experi-
ments. Two different buildup directions (horizontal and vertical) were considered in this
study. From the results of the tensile properties (see Figure 5), it was concluded that the
buildup direction has only a minor influence on the tensile properties. However, compared
to the die-casting alloy A360, higher tensile strength properties were obtained for both the
vertical and horizontal orientations BD, except for elongation, which is three times lower.
Table 1 shows the tensile strength properties of the specimens produced with different BD.

400 r3.5
350 L3
s 800 P25
S 250 =
7] -2 g
5 200 =
" FLs g
£ 150 I H
L =
= 100 ‘ J 1
50 L 0.5
0
Horizontal Vertical A360 Die Cast (ref)

Sample name

mYield OUTS OElong

Figure 5. Comparison of tensile properties of SLM fabricated samples and die-cast A360 alloy [46].

Table 1. Tensile properties of PBF materials.

. UTS (MPa) YS (MPa) E (%)
Materials
0° 45° 90° 0° 45° 90° 0° 45° 90°
316L [45] 668 564 397 387 37 35
MS1 [44] 2000 2020 1850 1940 1935 1915 5 4.6 48
316L [47] 630-635 610-630 460-475 450-470 50 60
Ti6Al4V [48] 833 851 783 812 2.7 3.6

3. Laser Shock Peening
3.1. Fundamentals of LSP

Laser shock peening (LSP) is a surface treatment method for improving the mechanical
properties of materials. The LSP method improves material properties by eliminating
harmful tensile stresses and introducing plastic deformation and positive CRS, resulting in
higher resistance to crack propagation and initiation, thus increasing the life of a component.

The operating principle of the LSP technique is shown in Figure 6 and the respective
formulations are presented in Equations (4)—(7) [27]. The process begins with the application
of a constraint layer and a sacrificial layer to the material being processed. As shown in
Figure 6, the laser beam penetrates the barrier layer, which is transparent to the laser beam,
and strikes the surface of the workpiece, creating a plasma. The transparent layer traps
the plasma and transfers the energy generated by the plasma to the material, creating a
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shock wave that results in residual stresses in the material. The sacrificial layer applied
to the material is responsible for absorbing the laser energy and protecting the workpiece
from damage.

=\ 4
dt Z @)
where Z is the reduced shock impedance, which can be determined by
2 1 1
o 4= 5
z Zs + Zt ( )

where Z; is the shock impedance of the target material, Z; is the shock impedance of the
confined material, and I is the laser intensity. The laser intensity satisfies Equation (6).

_ P(hdL , 3d[P(HL(1)]

I(t) = dt 2udt ©)

Constraint layer

/

Shock wave

<«— Laser beam

Plasma

Sacrificial layer

Target material

Figure 6. LSP Process.

The peak pressure can be calculated using the following equation:

44
P:0.11/2a+3\fZ\fI ?)

Studies by Takata [49] and Xiong [50] have shown that the choice of material for the
sacrificial and boundary layers affects the pressure generated by the shock wave. Various
materials such as glass [51], quartz [49,51-54], and water [55-57] are usually used for the
boundary layer. However, among these materials, water is the preferred choice because it is
cheap and can be easily integrated into the overall structure of the LSP. On the other hand,
aluminum [58,59], copper [60], zinc [61], lead [53], vinyl tape [62-64], black tape [65,66],
and black paint [67,68] have been used for the sacrificial layer. A study conducted in
1998 showed that black paint provides the best absorption for standard LSP (wavelengths
1064 nm and 532 nm) [69].

The ability of LSP to extend component life has been demonstrated in many industrial
applications. For example, general electric used LSP to treat a gas turbine rotor operating
at high speeds, which resulted in high tensile and vibratory stresses in the blade and made
it susceptible to foreign object damage events (FOD) [70]. The application of LSP resulted
in extended fan blade life and increased resistance to foreign body damage (FOD). Toshiba
used underwater LSP without coating (LSPwC) to solve stress corrosion cracking problems
in nuclear reactors [71].
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3.2. Laser Parameters and Residual Stress

Withers et al. [72] classified residual stresses with respect to different length scales. The
classification includes type I (macro stresses), type II (grain scale), and type III (atomic scale).
The origin of Type I residual stresses is the non-uniform plastic deformation introduced into
the material during the manufacturing process, whereas Type II and III residual stresses are
due to the presence of defects, namely impurities, dislocations, and porosity, in the material.
For PBF materials, it has been discussed that the presence of tensile residual stresses is one
of the main causes of poor fatigue performance of the components. There are numerous
techniques for measuring residual stresses, including drilling, electron diffraction, X-ray
diffraction, ultrasonic methods, magnetic methods, and nanoindentation methods. The
non-destructive X-ray method is the method preferred by the scientific community. There
are other methods for residual stress measurement, the detailed description and comparison
of which can be found in [73,74]. For PBF materials treated with LSP, X-ray diffraction is
the most used method, followed by the hole-drilling method.

3.3. Laser Power Density

There is a direct proportionality relationship between the pressure of the shock wave
and the power density of the laser, i.e., an increase in the power density of the laser leads to
an increase in the shock wave and thus to an increase in CRS, a schematic of CRS is shown
in Figure 7. To create residual stresses in the material, the value of the laser power density
should be 2-2.5 greater than HEL.

The influence area of

Shockwave m Plasma plastic strain

= 1/l

=
[l
|
=
v/ 77

1177

i

L
~--H
~
Ty

,HMMH
| 1]
| {1

v

N

N7
Compressive residual stress

Figure 7. Schematic of compressive residual stress [75].

In a study on additively manufactured AlSi10Mg, two different laser power densities
(3 and 9 GWcm~2) were used for LSP treatment [76]. The sample used in this study was
both heat-treated and LSP-treated. The residual stress distribution results obtained in this
study are shown in Figure 8. From the result, it can be seen that the highest CRS value was
obtained for the untreated samples treated with higher laser power density (AB + LSP2).
Even considering the HT effect, it can be seen that the largest CRS value was obtained for
the hybrid treatment with higher laser power density (AB + HT + LSP2).

The most appropriate value for laser power density for a particular application can be
determined using an optimization process. It is important to note that there is a saturation
point beyond which further increases in laser power density will stabilize or even decrease
CRS rather than increase it.
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Figure 8. Residual stress distribution in y-component (perpendicular to the building direction) [76].

3.4. Spot Size and Shape

The spot size is an important parameter that directly affects the depth and size of CRS.
Monstross et al. [77] pointed out that two different behaviors of the shock wave can occur
depending on the size of the spot. For a large spot diameter, the shock wave behaves like a
plane front with an attenuation rate of 1/r, whereas for a small spot diameter, a spherical
shock wave expansion is achieved with an attenuation rate of 1/r2. Therefore, the lower
attenuation behavior at a large spot diameter leads to further propagation in the material.

The diameter of the laser spot is related to the laser intensity by Equation (8). From
this equation, it can be seen that an increase in the spot diameter leads to a decrease in
the laser intensity. However, the value of laser intensity can be recovered even if the laser
energy is increased. The inverse relationship between the laser intensity and the diameter
of the laser spot states that a smaller spot size should result in a higher CRS.

4E

I, = ———
7 nD2t

®)
where E is the pulse energy in J, T is the pulse width in ns, and D is the laser spot diameter
in cm. When applying LSP in PBF material, the round spot shape is most commonly used,
followed by square shapes. However, by varying the angle of incidence of the LSP device,
other shapes such as rectangular and elliptical can be obtained. To investigate how the spot
size affects the residual stress in SLM components, Kalentics et al. [78] conducted a study
considering three different spot sizes with diameters of 1 mm, 2 mm, and 5 mm. The results
of this study showed that, on the one hand, the magnitude of the residual compressive
stress decreases with increasing spot size, and, on the other hand, the increase in spot size
leads to an increase in the depth of CRS.

3.5. Overlapping Rate

Throughout the LSP treatment, the overlap rate plays a very important role in ensuring
that CRS is evenly distributed throughout the material. The proper distribution of CRS also
helps prevent unwanted damage and excessive heating in certain areas of the material. The
overlap rate can be calculated using Equation (9).

Cl
= — x 100%
=5 X 00% )
where CI and D denote the coincidence length of the consecutive spots and laser spot
diameter. During the LSP process, the overlap rate is controlled by moving the target
material fixed on the table in the x-y direction. Karbalaian et al. used FEM to investigate
the effects of overlap on LSP [79]. A square shape of the laser spot and an overlap of 0-80%



Metals 2023, 13, 1762

10 of 28

were considered. The results of this study showed that the computational cost increases
with the overlap rate. This result means that the financial aspect should also be considered
when selecting the overlap rate.

In another study, Luo et al. [80] conducted a 3D finite element modeling study for Al
alloy LY2 and considered four different overlap percentages of 30%, 50%, 70%, and 90% (see
Figure 9) to better understand their influence on residual stress and surface deformation
under massive LSP actions. From the results, it was concluded that the depth of residual
stress increases with the degree of overlap.

30% 50% 70% 90%

"""" VaVaV 7
aR 5
AN ANSBAISN

i Symmetric plane
| | X
-4.5 0 7.2 14.4 243 333 40.5 455

Figure 9. Four different overlapping percentages [80].

3.6. Wavelength

Normally, three wavelengths are considered in LSP: 1064 nm (near-infrared), 532 nm
(green), and 355 nm (ultraviolet). Of these wavelengths, 1064 nm is most commonly used
for LSP applications on materials fabricated with both traditional and AM technologies
(see Table 2). The near-infrared wavelength of 1064 nm is the most used due to the high
absorption of water.

Some LSP applications are performed underwater. In this case, the second harmonic of
532 nm is usually used, and no protective layer is applied [25]. However, Yeo et al. applied
LSP post-treatment with the second harmonic 532 nm to improve the surface properties of
heat-treated Ti6A14V fabricated with LPBF [81]. The residual stress results showed that
the LSP application significantly improved the material properties by producing a CRS
that is 6 times higher than that of the sample HT, about 2.6 times higher than that of the
sample that received surface milling treatment, and more than 10 times higher than that of
the as-built sample. Table 2 provides a summary of some LSP processing parameters used
in PBF-manufactured materials, including some very recent studies.
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Table 2. LSP parameters applied in PBF materials.

Material F D, A E Dspot ? Constl:aint Layer Sacriﬁcial Layer
[Hz] [mm] [nm] 1] [mm] (%) (Thickness) (Thickness)
Ti-6A1-4V [58] 10 10 7.6 2 50 Water (1 mm) Al foil (500 pm)
PdPtRhIrCuNi [82] 5 6.3 1064 1.5 1.2 40, 80 Water No sacrificial layer
Ti-6A1-4V [81] 10 8 532 14 1.34 50 Water Al foil (100 pm)
AlSi7Mg [83] 5 6.3 1064 1 1 50 Water
AlSi10Mg [76] 10 10 1064 15,45 50 Water (2 mm)
316L SS [84] 10 20 1064 3-5 30 Water No sacrificial layer
316L SS [85] 5 6.3 1064 0.4 1 40 Water
AlSi10Mg [86] 10 10 1064 45 50 Water (2 mm) Al foil (200 pm)
Zr-based bulk mettalic glass [87] 5 6.3 1064 1.5 1.2 50 Water No sacrificial layer
Ti-6A1-4V [88] 10 1064 9 3 50 Water (1 mm) Al foil (100 pm)
Ti-6A1-4V [89] 5 10 1064 7.6 3 50 Water (1 mm) Al foil (100 pm)
Ti-6A1-4V [56] 18 3x3 50 Water Black tape
316L SS [90] 10 1064 9 50 Water Al foil
IN625 [91] 5 10 1064 7 2.6 50 Water (1.5 mm) Al foil (120 pum)
316L SS [92] 15 1064 35 2 75 Water (2 mm) Black tape (110 pm)
CM247LC [93] 5 6.3 1064 0.4 1 80, 40, 80 Al tape (70 pm)
304L SS [64] 10 14 5 2x2 Water Vinyl tape (130 um)
Ti-6A1-4V [94] 10 6 1064 0.35 0.8 Water (submerged sample) Glass chamber (3 mm)
Ti-6A1-4V [95] 12 1064 25 Vinyl tape (130 pm)
316L SS [63] 10 4 3x3 Water Al tape (90 um)
15-5 PH SS [66] 10 10 1064 0.8 80, 30 Water (2 mm) PVC black tape (125 pm)
Ti-6A1-4V [96] 18 3 50 Water Black tape

Note: F is the frequency, Dy is the pulse duration, A is the wavelength, E is the pulse energy, Dso; is the spot diameter, and O is the overlapping rate.
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3.7. LSP Effect on Microstructure Surface Modifications

During LSP processing, the materials fabricated by both traditional and additive tech-
nologies undergo microstructural changes that are commonly characterized via scanning
electron microscope (SEM), transmission electron microscope (TEM), and X-ray diffractome-
ter. Since the LSP process depends on several parameters, the microstructural evolution
observed in the material depends on both the heat treatment and the LSP parameters.

Guo et al. [96] investigated the effects of LSP on the microstructure evolution, micro-
hardness, residual stress, and mechanical properties of Ti6Al4V prepared by AM technology.
The microstructural changes before and after the LSP process were analyzed by optical
microscopy, SEM, and TEM. In Figure 10a, the presence of few pores and refined equiaxed
x-grains can be seen as a bright phase, whereas in Figure 10b, a purple phase with a refined
layer of about 400 pm can be seen. In Figure 10c,d, the structure of the grains before and
after LSP can be seen. Finally, Figure 10e,f show the calculated average values of the grain
size distribution. The average value of grain size for Figure 10c,d is 33.6 pm and 24.3 pum;
this decrease in grain size is due to LSP treatment.

Refined layef

(e) Average grain size: 33.6 pm (f) Average grain size: 24.3 pm
N M
ain = gi e

Figure 10. (a,b) Optical images of the cross-sectional area near the surface after LSP; (c,d) SEM image
before and after LSP; (e,f) grain size distribution of  grain in (c,d) [96].
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The authors also obtained TEM images of the samples before and after LSP, as shown
in Figure 11. Before the application of LSP, as shown in Figure 11a, the sharp boundaries of
the dark and light areas representing both primary a-phase and (3-phase are clearly visible.
The microstructural changes after LSP can be seen in Figure 11b—d. The boundaries of
the a-phase and the 3-phase are not very clearly visible. The mechanical twins (MTs) of
131 nm and 164 nm can be seen in Figure 11b,c. Dislocation lines (DLs) and dislocation
tangles (DTs) can also be seen in Figure 11d. The presence of elements such as MTS, DLS,
and DTs has also been observed in other LSP studies performed on components fabricated
with PBF [56,91], and it is known that all these elements play an important role in the grain
refinement process [97,98].

500nm

500nm - 200nm

Figure 11. TEM images (a) before and (b-d) after LSP [96].

3.8. LSP Effect on Mechanical Properties of PBF Materials

Many researchers have reported that LSP applications can convert harmful residual
stresses into beneficial compressive stresses, and LSP treatment also promotes grain refine-
ment in materials. Both grain refinement generation and CRS are responsible for improving
the mechanical properties of materials. LSP treatment in additively manufactured materials
has shown different effects on the tensile properties of the materials. Table 3 summarizes
some results of the tensile properties of PBF materials, and these results focus on comparing
the mechanical properties of as-built (AB) samples, for the LSP-treated specimen as well as
samples subjected to hybrid treatment (HT + LSP). The results of the mechanical properties
presented in Table 3 were used to plot Figure 12, which shows the relationship between
the samples before (AB) and after LSP treatment. From Figure 12a,b, it can be observed
that the UTS and YS after LSP treatment (y-axis) is greater than those before LSP treatment
(x-axis), and this improvement in mechanical properties is the result of both CRS and grain
refinement produced by LSP. However, for the elongation, as illustrated by Figure 12¢, a
varying trend between tensile properties between AB and LSP samples is seen.
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Table 3. Tensile property results of PBF materials.
UTS (MPa) YS (MPa) E (%)
Materials
AB HT LSP AB HT LSP AB HT LSP
IN625 [59] 836 927 1029 576 813 869 45.2 43.1 46
Ti64 [95] 1253.3 1286.7 1113.3 1156.7 7 6.5
Ti6Al4V [99] 953 1058 896 962 4.3 6.2
Tic/IN625 [91] 1204 1435 1517 641 769 784 42.9 40.6 44.5
Ti6Al4V [89] 1035 1183 865 952 9.55 11.3
AlSi10Mg [86] 375 418 270 321 3 2.82
@ UTS (MPa) ®) YS (MPa)
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Figure 12. Tensile properties relationship between as-built and LSP samples: (a) UTS, (b) YS, and
(c) E.

Deng et al. [90] conducted an experimental study on the effect of LSP on the tensile
properties of 316L stainless steel produced by selective laser melting. The studied specimens
were fabricated in three different directions of construction (0°, 45°, and 90°) and treated
with LSP on both sides. The results of the tensile tests showed that both yield and tensile
strength increased after LSP treatment, with the highest strength obtained for the 90°
specimens. For elongation, a decrease was observed after LSP treatment at 0° and 45°,
whereas LSP resulted in an increase in material elongation at 90°. The lowest value was
found to be 5.7% for the horizontally treated specimens. In another study by Guo and co-
workers [96], an increase in elongation of more than 50% was observed after LSP treatment
for both horizontally and vertically prepared specimens. Contradictory results on tensile
strength were also obtained in two studies investigating a hybrid treatment (HT, HT + LSP).
In the first study, UTS increased with HT and continued to increase after the application of
HT + LSP, whereas in the other study, UTS decreased when the specimens were subjected
to different treatments (HT and HT + LSP).
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3.9. LSP Parameter Optimization

One of the main objectives of using LSP technology is to generate a large amount of
CRS, which increases the resistance of the material to the formation and propagation of
cracks. Moreover, it has been shown that the depth of CRS depends on the LSP parameters,
of which the laser power density/pulse energy seems to be the most influential parameter.
Since the choice of LSP parameters affects the residual stresses generated, it is important
to ensure that the laser-induced mechanical properties of the materials can actually be
improved. To achieve this, researchers have optimized the LSP parameters. In this section,
the optimization approach of some LSP studies is discussed.

Sun et al. used a model of a single-point laser shock created by the finite element
method using ABAQUS [100]. The model was created to determine the optimal parameters
for shock energy, laser pulse duration, and shock frequency for 20CrMnTi. The process of
implementing the model is shown in the figure. As can be seen in Figure 13, the residual
stress distribution and equivalent plastic deformation of the LSP-treated 20CrMnTi were
simulated using explicit dynamic analysis along with explicit rebound analysis. As for
the meshing of the cells, a refinement around the affected area with a diameter of 3 mm
was performed.

I I
1 Loaded pressure wave P(1)
I Boundary condition setting

| |
[ QPR A4 46 e eeeeepoeoaosee 4

ABAQUS/CAE ABAQUS/Explicit ABAQUS/Explicit Residual stress and
Modeling (.cae) "| Dynamic explicit analysis Explicit rebound analysis plastic deformation

Figure 13. Step-by-step process of LSP simulation [100].

The optimal parameter is determined by varying the shock energy (4],5], 6], and
7]), laser pulse duration (10 ns, 15 ns, 20 ns, and 25 ns), and impact number (1-8 with an
interval of 1). The optimal parameters obtained from the simulated results are 5 J, 20 ns,
and 5 impact time. In another study, an artificial intelligence algorithm XGBoost was used
to evaluate the mechanical properties and surface roughness of FGH4095 superalloy treated
by LSP [101]. For this study, three different laser energies and two different overlapping
rates were considered. The predicted results showed that higher surface roughness could be
obtained by either increasing laser energy or considering lower overlapping rates. Finally,
the findings concluded that a good agreement was obtained between the experimental
and predicted results; however, a better LSP quality could be achieved by selecting higher
laser energy and overlap rate and also considering the prepolishing of the shocked surface
before LSP.

To determine the optimum value for LSP laser intensity, Ramadas et al. [66] used
15-5 precipitation-hardened stainless steel fabricated with LPBF and subjected to LSP
treatment. The considered specimens were fabricated in two different directions (horizontal
and vertical). The optimization process was performed by parametrically changing the
laser power density (3.1 GW/cm?, 4.5 GW/cm? and 7 GW/cm?) and the number of LSP
shots (1, 3, 5, and 7). Based on the residual stress results shown in Figure 14a,c, the optimal
laser power density of 4.5 GW/cm? was determined since it provides the highest CRS
value. For the number of shots, the optimal value was 5, as shown in Figure 14d. Using
the optimized laser power density, samples with different thicknesses of 2 mm and 7 mm
were subjected to LSP with multiple shots, and the results are shown in Figure 15. From
Figure 15b, it can be seen that the depth of CRS is higher in the thicker samples than in the
thinner ones. For both specimens, it can be observed that the depth of CRS increases with
the number of shots.
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Figure 14. Residual stress distribution of LSP treated with (a) different laser intensity for 1 shot,

(b) varying laser intensity with 3 shots, (c) varying laser intensity with 5 shots, and (d) laser intensity

4.5 GWem 2 with varying laser intensity [66].
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Figure 15. (a) Residual stress along the depth on specimens with different thicknesses subjected to

LSP with varying laser shots; (b) depth of CRS in 2 mm and 7 mm specimens subjected to LSP on
both sides with laser intensity 4.5 GW cm 2 (c) for one shot, and (d) five shot LSP [66].

Jinoop et al. [102] conducted a study on the LSP of Inconel 718 fabricated with additive
laser manufacturing. One objective of the study was to determine the optimum laser power
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and number of shots for LSP. For this purpose, three different peak laser powers (140 mW,
170 mW, and 200 mW) and three shot numbers (3, 5, and 7) were considered and varied
parametrically. The microhardness and depth profile values were determined based on
the laser power and number of shot values. To determine the optimal parameters, a gray
relational analysis was used with maximum hardness and minimum depth profile as the
results. The determined laser power and number of shots are 170 mW and 7, respectively.
This result means that moderate laser power and a higher number of shots are required to
achieve both the lowest surface damage and the highest hardness value. With the optimal
parameters, the tensile residual stress (197-227 MPa) of the sample in the raw state was
completely converted to CRS (214.9-307.9 MPa) for the irradiated sample.

4. Performance Evaluation of LSP in PBF Materials
4.1. Hardness

Hardness is an important measure of the performance of materials. It is defined as a
mechanical property that allows materials to resist plastic deformation. As explained in
Section 2.1, the pressure of the shock wave in LSP treatment is on the order of GPa. This high
pressure promotes plastic deformation, high dislocation density CRS, and grain refinement
in the microstructure of the material. It is known from the dislocation strengthening theory
that strain hardening can be produced by the generation and movement of dislocations [103]
and from the Hall-Petch theory that there is a proportionality relationship between the
microhardness value and the dislocation density [104].

The effectiveness of LSP in improving the hardness value of PBF materials has been
studied by many researchers. For example, Hareharen et al. [92] studied the effects of
LSP on the wear behavior, microstructure, residual stress distribution, and mechanical
properties of 316 L stainless steel produced by SLM. As for microhardness, the measured
hardness value for the initial sample is 226 HV;, as shown in Figure 16. After LSP
treatment, the hardness value increased to 276 HV g at the top surface.

290

280 —— LSP
As-printed

270 A

260

250 A

240 1

Micro-hardness (HV, o)

230 A

220 A

210

00 01 02 03 04 05 06 0.7 08 09 1.0

Depth from peened surface (mm)

Figure 16. Microhardness results for as-built and LSP-treated samples [92].

Two studies were performed by Maleki et al. [76,86]. In the first study, a V-notched
AlSi10Mg specimen built by LPBF were subjected to both T6 HT and LSP with two different
laser beam energy (1.5 ] and 4.5 J). From Figure 17a, it can be observed that the worst
hardness value was measured on a heat-treated sample, which shows that T6 deteriorated
the material hardening effect. The highest measured hardness value was 134 HV and it
was obtained from the samples treated by LSP with 4.5 J. The LSP effect in this sample only
disappeared up to a depth of 700 um. This result means that a good microhardness value
could be obtained without subjecting the additively manufactured samples to heat treat-
ment prior to LSP. In the other investigation, the authors considered two different surface
treatment methods, namely UNSM and LSP, which were applied to AlSi10Mg produced by
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LPBFE. To determine the posttreatment effect on AlSi10Mg mechanical properties, the same
energy was used during the whole experiment. As shown in Figure 17b, the hardening
effect from this study showed that for the as-built specimen, an average of 130 HV was
obtained, which increased to 170 HV due to LSP application. This value further increased to
over 200 HV when ultrasonic nanocrystalline surface modification (UNSM) treatment was
applied individually and in conjunction with LSP treatment. Regarding the depth, the LSP
effect could be observed to a depth up to 450 um, whereas, for UNSM and LSP + UNSM,
the effect of measured hardness value could be observed to a depth up to 850 um and
200 pm. The effect of LSP on additively produced aluminum alloys was also investigated
in another study, and a small increase in microhardness was found in the areas below the
surface to a depth of about 300 um [83].
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Figure 17. AlSi10Mg microhardness profiles along the depth (a) heat-treated sample (b) ultrasonic
nanocrystalline surface treatment [76,86].

Another material commonly used in LSP studies is titanium alloy. For example, Inkyu
Yeo et al. [81] performed LSP experiments on heat-treated Ti6A14V processed with LPBF
to improve its surface properties. Three different laser energies were used to obtain the
hardness: 1.9 GW, 5.7 GW, and 9.1 GW. The results of this study show that as the laser
energy increases, the Vickers hardness value increases, with the highest recovery rate at
9.1 GW being 91.7%.

This study also found that HT lowers hardness. However, a different result was
provided in a study by Chen et al. [91], which investigated the effects of HT and HT + LSP
treatment on an Inconel 625 alloy produced by selective laser melting. The results showed
that the value of microhardness increased by 19.5% after HT and by 32% after LSP compared
to the unprinted sample. In addition, Ti6A14V fabricated by LPBF and subjected to massive
LSP treatment was used to evaluate the effects of massive LSP treatment on the high-
temperature oxidation resistance of the samples previously treated with AHT [58].

In this study, the LSP was applied to two different surfaces, one parallel to the substrate
(0°) and one perpendicular to the substrate (90°). As can be seen from Figure 18a, the distri-
bution of microhardness of all specimens shows that the improvement in microhardness by
LSP is slightly higher at 0° than at 90°, whereas the measurements of microhardness along
the depth direction show that the specimens subjected to hybrid treatment (AHT + MLSP)
obtained better results both in terms of microhardness and depth, see Figure 18b.

Overall, a similar trend of microhardness reduction can be observed in both LPBF-
MLSPTed and LPBF-AHT-MLSPTed. In all these studies, LSP treatment positively con-
tributed to the improvement in the hardening properties of the additively manufactured
materials, which was possible due to the grain refinement and CRS produced by LSP.
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Figure 18. Microhardness results for all samples: (a) at the top surface and (b) along the depth
direction [58].

4.2. Fatigue Life

In Section 2.1, it was mentioned that components fabricated with PBF have some
defects that negatively affect fatigue strength. Although optimal parameters for PBF
have been proposed, materials fabricated using traditional methods exhibit better fatigue
strength than those fabricated using AM technology. For this reason, LSP is often used as
a means to improve the fatigue strength of PBF materials. See Table 4 for a summary of
results on fatigue strength improvement in PBF materials treated with LSP.

Soyama et al. [94] used several peening methods, namely submerged laser peening,
which can also be termed laser cavitation peening, shot peening, and laser peening, to
evaluate the fatigue improvement in Ti6Al4V titanium alloys fabricated using EBM. For
this study, two cases were considered, with and without surface roughness, and the fatigue
strength was determined using Little’s method. In the analysis, a comparison was made
between the untreated specimens and those treated with the peening methods. The results
of the study showed that compared to the untreated specimens for the case without surface
roughness, all peening treatments contributed to an increase in both fatigue life and strength,
with the highest fatigue strength increase being shot peening with 98%, followed by laser
peening with 87% and cavitation peening with 75%, as shown in Figure 19a. However,
when the surface roughness is considered, better fatigue life is obtained from laser peening,
followed by cavitation peening, and lastly shot peening, as illustrated in Figure 19b. In
terms of fatigue strength improvement percentage between the untreated and the treated
samples, an increase of 104% was obtained with laser peening, 84% for cavitation peening,
and 68% with shot peening.
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Figure 19. Fatigue strength improvement in Ti6Al4V fabricated by EBM by different peening tech-
niques: (a) without surface roughness, (b) with surface roughness [94].
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Table 4. Fatigue strength improvement in PBF materials treated with LSP.

Material

Laser Parameters

Fatigue Test

Load

Improvement Compared
to AB Sample

316L SS [63]

10 ns, 3 mm (square spot), 4 ], 4.4 GW cm 2

Four-point bending

350-500 MPa, R =1

4Ny (Vinyl tape as a confining layer)
1.9N¢ (Al tape as a confining layer)

Ti-6A1-4V [94]

1064 nm, 10 Hz, 6 ns, 0.8 mm, 6 mm 0.35 ],

Bending

12Hz, R = -1, £15 Nm

87% (without surface roughness)
104% (with surface roughness)

200-300 MPa, 30 Hz,

AlSi7Mg [83] 1064 nm, 5 Hz, 6.3 ns, 50%, 1 mm, 1J,9 GW cm 2 Three-point bending 4 x 10*-5 x 10° cycles, 50%0
R=01

. 1064 nm, 10 Hz, 10 ns, 50%, 3 mm, 1.5] and 457, . . 110 MPa, 2550 rpm, 151Nf
AlSH1OMg [76] 3and 9 GW cm 2 Rotating bending 6 x 10° cycles, R = —1 199N

. 1064 nm, 10 Hz, 10 ns, 50%, 3 mm, 4.5 ], . . 110 MPa, 2550 rpm,
AlSi10Mg [86] 9 GW cm-2 Rotating bending 2 x 107 cycles, R — —1 35N¢

1064 nm, 5 Hz, 6.3 ns, 80%, 1 mm, 0.4 ], . . 14N [ (machined)

316L SS [105] 8.1 GW cm2 Pure bending 120Hz, R =0 15 Nf (non-machined)
316L SS [106] 18 ns, 3%, 4.7 mm (square spot), Four-point bending 400-575 MPa, R = 0.1 60% (with notched)

4GWam™

80% (without notch)

Ti-6A1-4V [107]

1064 nm, 1 Hz, 12 ns, 25%, 11 GW cm 2

Tension-tension

600~775 MPa, 15 Hz, 2 x 10° cycles,
R=0.1

17%(7f

TC17 [99]

1064 nm, 20 ns, 50%, 2.4 mm, 2.8 ]

Tension-tension

15Hz, R =0.1

23.6%
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In another study, Sohrabi et al. [87] performed a three-point bending fatigue inves-
tigation on LSP-treated Zr-based (AMZ4) bulk metal glass (BMG) fabricated using LPBFE.
Several conclusions were drawn from the results of this study: first, a lower fatigue limit
was found for the as-received sample compared to reported values for Zr-based BMG.
Second, no significant improvement in fatigue life was obtained for the LSP-treated speci-
mens, but an increase in fatigue life by a factor of two was observed for loads greater than
250 MPa. Finally, it was also found that the fatigue behavior at lower loads was not affected
by changing the build-up directions on the fabricated specimens, but resulted in a slight
decrease in fatigue life for loads above 250 MPa.

All the fatigue results presented in Table 4 show that the application of the LSP
treatment contributed to an increase in the lifetime of the PBF components. In all these
cases, the main reason for the increase in fatigue life is the CRS generated by the LSP
treatment. In a rotating fatigue test on AlSil0Mg performed using two different laser
energies, it can be seen from Table 4 that a higher fatigue life was achieved with a higher
laser energy (4.5 ]).

4.3. Very High Cycle Fatigue

In practice, railroad wheels, for example, have been shown to fail at very high fatigue
cycles (VHCEF) [108] and components such as turbine blades experience 107 cycles due
to their vibration loading during operation [109]. The development of ultrasonic testing
systems capable of operating at frequencies of up to 30 KHz has increased the interest of
researchers in testing materials with more than 107 cycles, the so-called “very high cycle
fatigue regime”. It is also of great interest to understand how LSP-treated materials behave
under VHCE.

Qin et al. [110] investigated the effect of LSP on HCF and VHCEF of 2024-T351 alu-
minum alloy. In this study, the specimens were treated with two different pulse energies
of 10 J and 20 J, and an ultrasonic fatigue testing machine was used. As can be seen in
Figure 20a, no fatigue limit was reached at 10 cycles for both the untreated and treated
specimens. It can also be seen from the same graph that the fatigue life decreased after LSP
treatment. Similar results were obtained in another study with the same LSP parameters,
as shown in Figure 20b [111].
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Figure 20. (a,b) Fatigue results of LSP treated and untreated samples [110,111].

These results are contrary to what one would expect from LSP treatment because it
produces CRS, which counteracts the tensile residual stress that one would expect to extend
the life of the treated materials. Another aspect of these two studies is that among the
treated samples, the one with the lower pulse energy had a higher fatigue life. In another
study, three different laser energies (2.6 ], 3.6 ], and 4.6 ]) and two different exposure times
(1 and 3) were applied to forged TC4 titanium [112]. The fatigue life from this study is
shown in Figure 21. From the results, all treated specimens showed reasonable fatigue life
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in the range of HCF, with the best fatigue life obtained with 1-time impact, whereas after
107 cycles, the worst result was obtained with 4.6 ] and 3-time impact.
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Figure 21. S-N curves of untreated and treated samples (different LSP treatments) [112].

Studies on the VHCF regime have also been performed on materials prepared with
PBF [113-115]. However, the first study on LSP treatment of Ti6Al4V fabricated by SLM
and subjected to the VHCF regime was performed by Jiang et al. [65]. In this study, the
LSP treatment was applied to both sides of the samples and a laser energy of 7 ] was
considered. From the results, it was concluded that the LSP treatment was able to generate
enough CRS to counteract the detrimental ones and cause grain refinement within the
microstructure. Surprisingly, the untreated samples showed better fatigue results than the
LSP-treated samples, as shown in Figure 22. The reasons for the lower S-N curve of the
treated specimens were the inherent defects, increased surface roughness, and non-uniform
residual stresses.
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Figure 22. Fatigue life results before and after LSP [65].

5. Summary and Future Work Recommendation

The effectiveness of LSP has been proven for many materials manufactured by tradi-
tional methods such as machining, forming, casting, numerical computer control, etc. For
additively manufactured materials, especially PBF materials, further experimental studies
are needed to solidify the understanding of LSP. However, in this review, the latest results
of LSP in PBF materials in terms of residual stress, hardness, fatigue life, and VHCF are
presented and discussed.
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From Table 2 a summary of LSP processing parameters applied on PBF materials is
shown. Regarding the overlapping rate, in most studies, the value used ranges from 50%
to 80%, which agrees well with the old literature that states that maximum efficiency is
obtained when the overlapping range is between 50% and 70% [75]. From Table 2, it can
also be concluded that for PBF materials, most LSP studies still include both constraint and
sacrificial layers.

As for residual stress, most studies show that LSP treatment indeed promotes the
formation of beneficial CRS, which contributes significantly to the improvement in the
fatigue life of the components. As far as microhardness is concerned, all the studies
consulted have shown a positive contribution to LSP.

In terms of fatigue life, the application of LSP to PBF materials resulted in an overall
longer fatigue life of the treated material compared to the baseline condition, but most
LSP studies on PBF materials do not include direct fatigue estimation and analysis. Some
contradictory results have been observed on the tensile properties of PBF materials surface
treated with LSP, which implies that more experiments should be conducted. As for VHCE,
there are very few studies on the effects of LSP on fabricated PBF materials.

The performance of LSP surface treatment depends on the process parameters. De-
spite some studies on the optimization of process parameters, it is still a challenge to
uniformly distribute CRS. In addition, there are very few studies on the optimization of
LSP parameters of PBF materials. It is well known that components such as crankshafts,
pressure vessels, turbines, and transmission systems are subjected to variable or random
multiaxial loading conditions during operation. Therefore, it would also be interesting to
test LSP-treated PBF material under multiaxial loading conditions. One way to consolidate
the LSP method is to extend its application to more industrial components instead of
focusing mainly on limited experiments.
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