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Abstract
Surface treatment methods are widely used in various industries to improve the material performance and change their 
physical properties. The methods can be categorised according to the nature of the operation as mechanical, chemical, elec-
trochemical and case hardening processes. Mechanical surface treatment methods are mainly utilised to add compressive 
residual stresses in surface layers thus usually improving the life of engineering components. Among various mechanical 
surface treatment methods, peening process is common in treatment nature by treating the surface using mechanical means. 
Three peening processes, namely shot peening (SP), laser shock peening (LSP) and waterjet peening (WJP) are selected to 
be the focus of the present paper due to their similarity based on impulsive effect to the surface by the input force through 
unguided tools in repetitive irregular manner without any oscillating or vibrating movement of tools. A comprehensive review 
is presented to discuss each of the peening processes and their effects on the surface integrity in terms of the topography, 
mechanical properties and microstructural changes. The investigation includes the discussion on the existing advantages, 
disadvantages and technological barriers of peening technologies for industrial applications. Detailed examples of recent 
advances in the peening methods are also discussed. The results show that the SP method produces more roughness as com-
pared to LSP and WJP methods. However, fatigue strength is better without considerable changes in roughness and corrosion 
after LSP and WJP treatments. It can be concluded that the peening processes can improve the material performance with 
acceptable qualities for in-service application in industries.

Keywords  Surface treatment · Peening processes · Metallic surfaces · Topography · Metallurgical states · Surface integrity · 
Fatigue growth · Corrosion

1  Introduction

Surface treatment technologies have become more impor-
tant in the industry to reduce the economic costs and avoid 
the need for expensive materials. The surface treatment 
has a long history from various applications but it is highly 
involved in the mechanical industry since 30 years ago [1, 

2]. The material surface influences the performance of engi-
neering parts, which are often exposed to different surface 
treatment processes in order to obtain values not achievable 
from primary manufacturing processes [3]. The process is 
carried out for a variety of reasons, including improving the 
material performance, changing physical properties, appear-
ance and altering dimensions [4].

Figure 1 shows the classification of surface treatment 
processes. It can be categorised according to the nature of 
the operation as mechanical, chemical, electrochemical and 
case hardening process. Mechanical surface treatments can 
be divided into two categories which are hot processes such 
as rolling, welding and laser shock peening (LSP) as well 
as cold processes such as hammering, cold rolling, shot 
peening (SP) and waterjet peening (WJP). These processes 
are utilised to add compressive residual stresses (CRS) 
in surface layers, which typically bring about critical life 
improvement [5]. In chemical processes, there are many 
popular surface treatment processes used in daily life like 
hydrolysis, acid etching, immersion and coating, which can 
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improve the surface layers properties. Furthermore, exam-
ples of processes under the combination of electrical and 
chemical operation or electrochemical are cathodic treat-
ment and chemical vapour deposition (CVD). Finally, case 
hardening processes such as flame hardening, carburizing, 
nitriding and cyaniding use heat during the treatment which 
can improve the surface layer properties like smoothness, 
roughness and hardness [6, 7].

A variety of heat and mechanical treatments have been 
used for a broad variety of the substrate, including semicon-
ductors, metals, ceramics, polymers, bio and nanomaterials, 
to alter surface characteristics [8]. The surface treatment sub 
process has linked with the other methods like chemical and 
electro-chemical for changing chemical properties of sur-
face as well as chemical routes for depositing particles and 
coatings which are exits [9]. The improvement of surface 
area is usually adjusted for effective surface area using sand-
blasting (SB), SP or LSP methods thus achieving mechani-
cal retention between two surfaces [10]. Such adjustments 
and modifications of this nature may have varying levels of 
flexibility and are usually alienated into the two divisions: 

surface concave texturing and surface convex texturing as 
shown in Fig. 2a [11]. Chemical or electrochemical layer 
removal or mechanical indentations (caused by SB, SP or 
LSP) may be used to create surface concave textures [12].

The favourable compressive residual stress can be fabri-
cated at the surface dependent on blasting/peening operating 
situations (counting media size, arc-heights and coverage). 
Surface convex textures, on the other hand, might be well 
formed by putting different sorts of the particles using one 
of several physical or chemical depositing methods (chemi-
cal vapour deposition, physical vapour deposition, plasma-
spraying, etc.) or solid-state diffusion bonding [13].

The surface requirements primarily determine the type of 
materials and manufacturing methods to be used during the 
production process. Surface properties do not only neces-
sitate specific production sequences, but they also influence 
the layout and geometry of the component. Figure 2b shows 
the product functionality as well as the haptic properties 
(with respect to the value perception of the product) and 
appearance [10]. The components whether it is metal or 
non-metal, created by three classification states which are 

Fig. 1   Classification of surface treatment process

Fig. 2   a Surface classifica-
tion [11] and b composition of 
component
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categorised as physical, chemical and mechanical. These 
classifications are further responsible for their properties 
and other aspects [2].

It can be noted that surface treatment methods are 
too diverse covering different aspects and nature of the 
process. The scope of the present paper will be too wide 
if all methods are covered. Therefore, the present paper 
only focuses on mechanical surface treatment methods. 
This is due to the fact that nowadays, mechanical surface 
treatments have been widely applied particularly in the 
spring-manufacturing, automotive and aerospace indus-
tries. Furthermore, these processes are known to be well 
established in ancient times concerning metallic materi-
als where evidently hammering was the first mechanical 
method used to make particular components to final shape 
and strength [14]. There are many industrial applications 
involving mechanical surface treatment methods because 
of low operating cost, mass production (e.g. rolling), good 
and acceptable quality of treated products.

As presented in Fig. 1, there are several methods avail-
able in mechanical surface treatment. The present review 
paper will be very long if all methods are to be reviewed 
thoroughly. Therefore, there is a need to focus on very few 
methods in mechanical surface treatment which are common 
in treatment nature. Peening processes, namely shot peening 
(SP), laser shock peening (LSP) and waterjet peening (WJP) 
are selected to be the focus of the present paper. In princi-
ple, they have similarity in terms of their treatment nature 
which is based on impulsive effect to the surface by the input 
force. Furthermore, they use unguided tools in repetitive 
irregular manner without any oscillating or vibrating move-
ment of tools [15, 16]. Also, the input force is repetitive 
in nature which impacts the surface (i.e. ball shots in SP, 
laser beam in LSP, waterjet in WJP). Furthermore, peening 
processes are considered modern mechanical surface treat-
ment methods which have been started within the last cen-
tury. Among various peening processes, shot peening (SP) 
and laser shock peening (LSP) have been widely used in 
many industrial applications for treatment of automotive and 
aerospace components [17]. Where, waterjet peening (WJP) 
has attracted increasing attention among researchers in the 
last decades [18]. Therefore, it is crucial to provide neces-
sary details related to these peening processes. The present 
paper discusses a thorough and critical review of the existing 
literature on the working principles of SP, LSP and WJP 
processes and their effects on surface integrity of metals.

This review paper is divided into several sections. Firstly, 
a section discusses the mechanical surface treatment meth-
ods for both hot and cold types. Typical processes for hot 
(e.g. rolling) and cold treatment (e.g. hammering) are 
explained in detail. Then, another section describes the sur-
face integrity in general. This includes the aspects of sur-
face and sub-surface covering its topography, mechanical 

properties and metallurgical states. Subsequent sections dis-
cuss thoroughly about each of peening processes, namely SP, 
LSP and WJP. Working principles and major contributions 
by researchers from each process are elaborated. Also, some 
new developments in each process to improve the treatment 
procedures and the quality of treated surfaces are included. 
Finally, the comparison of all three peening processes is 
presented in terms of their advantages and limitations. It 
is hoped that the present paper can shed some light on the 
applications of various peening processes in mechanical sur-
face treatment methods and their effects on metallic surfaces. 
Researchers and practitioners can articulate based on the 
information provided for further improvement and optimi-
sation of the process in widening its application in related 
industries.

2 � Mechanical surface treatment process

Various mechanical treatment processes can be applied to 
enhance the surface characteristics of engineering compo-
nents. These treatments use physical processes to determine 
the resulting surface condition. The compressive stresses are 
mainly induced into ductile metals mechanically by localised 
plastic deformation within the outer surface region. The pre-
sent study is confined to describing the non-cutting methods 
which serve to primarily enhance the surface layer state. 
There are two types of mechanical surface treatment pro-
cesses which exist in industry, namely hot and cold. The hot 
mechanical surface treatment uses thermal energy like heat 
or emits energy sources on secondary surfaces to improve 
the main surface layers like the rolling process. Whereas, the 
cold surface treatment process uses the secondary material 
to treat the main surface layer thus increasing the mechani-
cal properties of the surface. In this treatment process, any 
cold secondary material can strike the main surface layer 
and improve their mechanical properties such as hardness 
and roughness.

2.1 � Hot mechanical surface treatment process

An example of hot mechanical surface treatment processes 
is surface rolling. It is a metal shaping interaction where 
metal stock is gone through at least one set of moves to 
lessen thickness, uniform thickness, or potentially give an 
ideal mechanical property on the surface [5]. Surface roll-
ing is graded according to the temperature of the rolled 
metals [19]. The method is known as hot rolling when the 
temperature of the metal is higher than its recrystallization 
temperature [20].

Various factors such as reheating conditions, in-line 
scale removal, rolling temperature and cooling rate may 
influence the type and thickness of scale formed on the 
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product, which affects the atmospheric corrosion, paint 
ability and subsequent scale-removal operations [21]. 
Figure 3 shows the hot rolling process where the final 
pass may generate specific surface patterns, such as pro-
trusions on reinforcing bars or floor plates. Whereas, in 
cold-surface rolling, a particular surface roughness is 
trolled into the stripe at the temper mill to improve the 
deep-drawing process and ensure a good surface finish on 
the final product, decent surface completion on the end 
result, like the top of an automobile.

Another process of hot mechanical surface treatment is 
welding. It is a technique for joining metallic parts that typi-
cally involves the use of heat. This technique was discov-
ered while attempting to shape iron into useful shapes [23]. 
Welded blades were invented in the first millennium CE, 
with the most famous examples being those made by Arab 
armourers in Damascus, Syria [24].

2.2 � Cold mechanical surface treatment process

Hammering is an example of a cold mechanical surface 
treatment process. A hammer is a tool used to strike the 
alternative piece or material, such as wood, metal, stone 
or anything else as shown in Fig. 4. Recently, the concept 

of peening process is applied in hammering to introduce a 
novel technology in surface treatment called machine ham-
mer peening (MHP) [15]. In this process, a hammering tip is 
attached to an oscillating plunger which moves axially by an 
actuator thus providing uniform impact intensity across the 
machined area [15]. Chan and Cheng [25] discussed compre-
hensively how hammer peening has evolved into its current 
state today and its role in various industries.

Surface rolling is also applied without the use of heat 
during the cold mechanical surface treatment process. In the 
process, a sheet metal or strip stock is passed between rollers 
before being compressed and squeezed as shown in Fig. 5. 
The hardness and other material properties of the finalised 
product are influenced by the size of strain produced. The 
benefits of cold surface rolling include excellent dimensional 
consistency and a smooth finish at the surface [5].

2.3 � Recent mechanical surface treatments

The most recent mechanical surface treatments nowadays 
are shot peening (SP), laser shock peening (LSP) and the lat-
est one is waterjet peening (WJP). These peening processes 
especially SP and LSP are widely used in industry to create 
a compressive residual stress speciality in the substrate layer 
of a metallic element [26, 27]. The first patent for SP was 
also issued in Germany in 1934, but it was never commer-
cialised, but the automotive industry later adopted this pro-
cedure [28]. This technique is used for increasing the fatigue 
life of the metallic component by delaying crack initiation 
or smoothing the crack propagation rate [29].

Recent advancement of surface treatment in the LSP 
process gives better results on material properties such as 
surface hardness, fatigue life and resistance to corrosion 
by imparting beneficial residual stresses in materials [28]. 
When the laser beam of high intensity comes to contact a 
sample surface, the expansion of laser-induced plasma close 
to the surface generates a strong shock wave into the sample 
[8].

In the last two decades, WJP technique has gained popu-
larity in the mechanical surface treatment industry. In com-
parison with the previous peening process, WJP is good in 
corrosion resistance, process control and improvement of 
the fatigue strength [30]. The advantage of the process is to 
cover full area with pliability in treating complex area and 
provide an eco-friendly environment with water jet abrasion 
that is the principle of process [31].

3 � Surface integrity

The surface integrity of materials plays an important role in 
the response of the engineering components. Surfaces are 
often subjected to various additional treatments or processes 

Fig. 3   Schematic view of hot surface rolling process [22]

Fig. 4   Hammer peening process
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to achieve desirable qualities that are not achieved by pri-
mary manufacturing processes. The process is conducted 
for various reasons including to improve the performance of 
materials, to change physical properties, to vary the appear-
ance and to alter dimensions. The quality and performance 
of a product are directly related to its surface integrity pro-
duced from different surface treatment or processes. Figure 6 
shows the classification of surface integrity that includes 
the topography which can be analysed such as roughness 
and waviness, the mechanical properties such as hardness 
and fatigue strength and the microstructural changes such as 
phase transformation and microstructures and other related 
property variations of the work material during surface 
processing procedures [6, 13]. Therefore, alteration of the 
surface integrity especially related with mechanical applica-
tions has a significant effect on fatigue strength and lifetime 
of engineering components [20]. Different mechanical treat-
ment methods can be applied to upgrade the surface attrib-
utes of engineering parts [32]. These surface treatments uti-
lise some stages to decide the subsequent substrate situation 

[33]. The localised plastic deformation in the outer surface 
layer is primarily responsible for compressive stresses in 
ductile metals [34, 35].

3.1 � Topography

The surface topography is defined by the deviation of a sur-
face from its mean plane. It is thought to be an irregular 
interaction, which is portrayed by the factual boundaries 
like the fluctuation of the height, the incline and the curve 
[36]. It can be characterised in several categories such as 
waviness and roughness. The topography can notably affect 
the fatigue resistance and strength of load bound and load 
free surfaces by roughness [37]. Figure 7 shows the indi-
cation of surface topography according to different scales, 
namely macro, micro, nano and their common features. In 
the case of load-free surface, high roughness is a source for 
miniature pressure fixation which prompts a deficiency of 
the fatigue resistance and strength [38]. The need for good 
surface topography with low roughness is impacted by the 
machining interaction [39].

Fig. 5   Schematic view of Sur-
face rolling process

Fig. 6   Classification of surface integrity Fig. 7   Surface topography of metallic
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Figure 8 shows an example of welded material with 
indication of melded toe and their 3D topography. A nor-
mal topography scan was taken from the lower toe, which 
shows the re-solidification patterns covering the upper sur-
face. Apart from the toe radii macro-geometry, the influ-
ence of topography (micro-geometry) is supposed to be 
significant. The larger welding flaws, such as cracks or 
cold laps, were absent from the surface [36]. Owing to the 
surface ripples, the roughness was found approximately 
Rt = 253.44 µm and Rz = 200.35 µm across and along the 
weld direction, respectively [36]. This indicates that the 
welding process can produce a very rough surface to the 
weld material due to the ripples.

In general, various manufacturing processes including 
machining, welding and casting will significantly alter 
the topography of metallic surfaces. There as the effect of 
surface topography varies according to the peening pro-
cesses. In LSP, there is practically no surface topography 
alteration since spots have been enormous (1 to 3 mm) and 
the profundity of the indent is several 10th of microme-
tres. In SP, on the contrary, every pit is quite much deeper 
depending on its processing parameters [33]. When the 
comparison is made on the traditional mechanical surface 
reinforcement treatments like SP and cold rolling, there is 
no major change in topography caused by water jet peen-
ing [40].

In a welding process, at the face of each bead, the 
roughness of the welded joints was determined longitu-
dinally. The face of the weld bead as seen in Fig. 9b has a 
higher amount of wave than those seen in Fig. 9a, result-
ing in higher roughness values [41]. This shows that the 
roughness of weld beads depends on its topography result-
ing from different welding parameters.

Erosion corrosion is commonly found in components 
subject to a high-velocity flow of moderately corrosive 
fluids containing small quantities of solids in suspension 
[42]. The appearance of the erosion corrosion damaged 

surface often is smooth, sometimes showing grooves ori-
ented in the direction of fluid flow. Figure 10 shows an 
example of erosion corrosion signs of a centrifugal pump 
casing.

3.2 � Mechanical properties

There are many important mechanical properties of mate-
rial that will affect the performance of an engineering com-
ponent. Among those common properties are hardness, 
strength, toughness and ductility. The effect of these prop-
erties is further discussed in the present work.

Hardness is the most common measurement to determine 
a change in mechanical properties during mechanical sur-
face treatment methods due to its testing simplicity and low 
cost. It is defined as the ability of a material to withstand 
permanent shape change due to external stress [44]. It is 
characterised by a material’s ability to withstand different 
types of deformation, indentation and penetration, as well 
as its resistance to scratching, grinding, drilling and chip-
ping to wear and tear [21]. For example, in the case of a 

Fig. 8   Ordinary weld surface topography, which is extending from 
the base metal to the top metal. The ripples run from the base metal 
(1) to the lower toe (2) to the weld bead (3) [36]

Fig. 9   Roughness profile obtained and paths a low values of rough-
ness obtained and b high values of roughness obtained [41]

Fig. 10   Erosion and corrosion on the welded fuel pipe [43]
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welding process, a higher hardness of the surface with a 
deeper hardening layer can be achieved by the application of 
high pressure with an increase in the number of passes [45]. 
Furthermore, the rolled steel CR690 component hardness 
changes according to the distance and position of the weld 
as shown in Table 1.

A higher hardness is produced with an initial increase of 
distance from the surface. This hardened layer is a result of 
severe plastic deformation on the surface due the rolling pro-
cess thus generating compressive residual stresses [45]. The 
hardened layer and induced compressive residual stresses 
are useful in avoiding the initiation of crack on the metal 
surface [46–48]. After that, due to the undue heat, stiffness 
tends to deteriorate, resulting in the cracking of the surface 
layer [21]. However, the material hardness is reduced with 
a further increase in the distance [49].

The tension from a material shortening in one dimen-
sion is a result of opposing collinear forces that appear to 
crush it. Residual stresses persist in an object especially a 
welded component even when external loading or thermal 
gradients are absent [1]. Residual stresses can cause severe 
plastic deformation, resulting in object warping and distor-
tion, and they can also affect fracture and fatigue susceptibil-
ity [35, 35]. Figure 11 shows the relationship between the 
distance from centre and residual stress of VR690 welded 
joints. The distance of the centre is directly proportional to 
the residual stresses of the material [45].

3.3 � Microstructural changes

The microstructures of a material will change under any 
mechanical surface treatment methods. These microstruc-
tural changes depend on the type of processes and their 
parameters. Microstructures are tiny scale structures of the 
material as revealed by a microscope [50]. Microstructures 
affect various mechanical properties like ductility, toughness 

and hardness. When heat is involved, the microstructures of 
metal change in stages under a phase transformation process 
[51]. Most phase transformations do not occur instantane-
ously; they begin by the formation of numerous small parti-
cles of the new phase, which increase in size until the trans-
formation has reached completion [29]. Figure 12 shows 
an example of a phase transformation cycle commonly 
occurring in steel during surface treatment processes. In 
the process, the metal surface experiences a severe plastic 
deformation thus inducing the phase transformation from the 
austenite to the martensite [52]. An increase in temperature 
during the process may further deform the martensite hence 
reversing it to become austenite [53].

The metals and alloys are made up of several irregularly 
formed crystals (grains) that are normally undetectable to 

Table 1   Effect of distance and position of welded material on CR690 
joints hardness [45]

Position Distance (mm) Average 
hardness 
(HV)

Cap of the weld 0 250
20 350
40 300

Middle of the weld 0 280
20 320
40 310

Root of the weld 0 280
20 260
40 270

Fig. 11   Effect of distance of depth on residual stress of VR690 
welded joint [45]

Fig. 12   Cycle of phase transformation
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the naked eye [24]. The grains may be oval or elongated, 
huge or tiny, either in a regular or random pattern [54]. The 
shape, size, arrangement and orientation of the grains are 
all determined by the circumstances under which they were 
formed. For steel with up to 2.14% weight of carbon con-
tent, the microstructure was basically pearlite, ferrite and 
partially continuous as seen in Fig. 13. Grains are highly 
equiaxed in both longitudinal and transverse directions. 
These equiaxed grains may undergo deformation during 
the surface treatment process thus changing its mechani-
cal properties. For example, during a forging process, the 
homogenisation leads to an isotropic structure [55].

Another example of phase transformation occurring 
during the SP process is shown in Fig. 14. Microstructure 
of untreated high strength steel shows the lath martensi-
tic as shown Fig. 14a. The image of untreated specimen 
under transmission electron microscope (TEM) evidently 
shows a smooth and clear boundary of lath martensite as 
shown in Fig. 14b. After the SP process, the lath martensi-
tic boundary distorts and becomes vague with a significant 
number of dislocations formed both within and outside the 
martensitic as shown in Fig. 14c. The dislocations appear 
to collide with one another and pile up in front of bounda-
ries thus forming a dislocation tangle as it progresses [24].

4 � Shot peening

The shot peening process is utilised to increase the surface 
hardness of metallic materials by inducing compressive 
residual stress from the ball impact on the material surface 
[33]. It is a cold working process in which small balls are 
bombarded by a jet of compressed air onto the surface, and 
during the process of shot peening, each ball landing on 
the metallic surface acts like a small hammer, raising its 
hardness and forming a small indentation or semi-sphere 
[20]. The small balls or micro shots are usually made from 
hard materials such as steel, ceramic or glass. The metal sur-
face must be subjected to its yield stress in order to produce 
these indents, and the overlapping of indentations results in 
a uniform layer of compressive residual stress on the metal 
surface thus increasing its resistance to fatigue failure [35].

4.1 � Working principle of shot peening

There are two types of shot peening process which exist 
in industry, namely pneumatic and centrifugal shot peen-
ing machines. The working principle of both machines is 
illustrated in Fig. 15.

Micro shots are combined with compressed volume, sim-
ple air and propelled into a nozzle at maximum velocity in 
the pneumatic shot peening machine as shown in Fig. 15a. 
In the centrifugal shot peening machine, the shot is pumped 
into the hub of a spinning wheel with circular vanes or 
blades as shown in Fig. 15b. In the scenario, the micro-
spheres shot have aimed onto the blades, where centrifugal 
force causes it to be tossed into a circular rotating-shaped 
stream. It is clear from the schematic diagrams of both sys-
tems that the contact conditions are different thus giving a 
greater tangential contact force and a higher friction force 
from the wheel machine [57]. Figure 16 shows the schematic 
view of the compressive stress development on the peened 
surface. It can be seen that the impact from the shot causes 
surface compression which changes the topography and met-
allurgical state of the workpiece thus altering its mechanical 
properties [51].

Shot peening process is influenced by several parame-
ters. The typical parameters and their levels are illustrated 
in Fig. 17 [57, 58].

Fig. 13   Microstructure of untreated micro alloyed steel in longitudi-
nal cross section [56]

Fig. 14   a Microstructure of 
unpeened high strength steel, 
TEM images of b unpeened and 
c shot-peened specimens [24]
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In the shot peening process, the kinetic energy trans-
ferred by a shot stream is an important factor in determin-
ing the quality of peened surfaces. It can be measured 
using a standard procedure called the Almen Intensity Test 
developed and patented by John O. Almen [17]. The inten-
sity can be determined by exposing the Almen strip to the 
shot stream for a specified time as illustrated in Fig. 18a. 
The strip bends due to the plastic deformations induced by 
the shot peening. Then, the strip is removed and placed on 
the Almen gauge as shown in Fig. 18b. The value of the 
arc deflection at the centre of the Almen strip is recorded 
as the Almen intensity. A higher intensity (i.e. higher arc 
deflection) means that a higher amount of kinetic energy 
has been transferred to the treated components [59]. The 
Almen strips are made from cold-rolled spring steel (SAE 
1070) in three different thicknesses and denoted as N, A 
and C strips for different intensity measurement levels but 
all have the same dimensions [17].

4.2 � Effect of shot peening on metallic surface

Shot peening is a technique used to improve the fatigue 
strength of metallic materials, which can result in increased 
life span, resistance to alternating loads and corrosion resist-
ance [61]. However, the shot peening method has shown no 
major increases in corrosion resistance [28]. SP produces 
roughness on the surface [1]. Hardness has affected the 
increase in peening time [21]. Overall, SP is a stochastic 
process in which each region must be stroked 13 times on 
average to reach 100% coverage as compared to LSP which 
only needs one or two beams (assuming square beam) [20]. 
Plastic deformation of metal produces residual stresses in the 
SP process, which persist until it is removed by the external 
force [62].

4.2.1 � Effect of shot peening on topography of metallic 
surface

The overall enhancements can be measured after a progres-
sion of mechanical testing relying upon the application, such 

as fatigue tolerance, stress corrosion cracking and water ero-
sion resistance, depending on the application. The induced 
compressive residual stress field and modified microstruc-
tures could significantly improve the efficiency of shot-
peened layers, such as stress corrosion property and micro 
hardness [36].

Roughness has increased by the Almen intensity of the 
treatments when using the cut wire steel shots [63]. How-
ever, with the same strength and coverage (8A, 100%), a 
substantial variation in roughness was found between the 
steel and ceramic beads (ZS) thus resulting in a significantly 
lower average in overall roughness values. The shape and 
homogeneity of the zirconia shots were mainly responsible 
for these effects. However, using the same ceramic shots, 
raising the degree of coverage from 100 to 200% resulted 
in an improvement in the roughness parameters [63]. How-
ever, roughness is not an absolute indicator to detect surface 
flaws like folds and minor fractures which are very common 
in shot peening treatment [64, 66]. During the SP process, 
the shots hit the surface thus producing random indents and 

Fig. 15   Schematic view of 
a pneumatic shot peening b 
centrifugal shot peening

Fig. 16   Schematic view of compressive stresses development on 
peened surface
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leaving scattered nodes. Figure 19 shows an example of 3D 
morphology of the surface after the SP process.

The surface topography and its roughness values vary 
according to the shot velocity which depends on the pres-
sure of air carrying the shots. Figure 20 shows the 3D sur-
face of an aluminium alloy 7075-T651 after shot peening 
with different air pressures. Before the shot peening, the 
surface roughness Ra was 0.7 μm. A rougher surface can be 
seen after the shot peening at a higher air pressure which 
constitutes an increase in the shot velocity. However, at 
the lowest air pressure of 1.0 bar, the surface experienced 
very little erosion while the roughness increased slightly as 
shown in Fig. 20a. They speculated that the low air pressure 

cannot effectively push a large shot thus roughening the sur-
face less. A further increase in air pressure causes rougher 
surfaces as shown in Fig. 20b–f. These similar results were 
also found by Wu et al. [86] during shot peening of 18CrN-
iMo steel where the surface developed more pits and pro-
trusions with the increase of shot intensity from a higher 
air pressure.

Fig. 17   Typical shot peening 
parameters and their levels

Fig. 18   a The Almen strip is peened on an Almen holder, b the 
Almen arc height is measured using the Almen gauge [60]

Fig.19   3D Morphology of an Al 7075-T651 surface after to the shot 
peening [65]
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An illustration of welded specimens experiencing 
different levels of shot intensity is shown in Fig. 21. 
The surface topography changes according to its inten-
sity level for low and high as shown in Fig.  21a and 

b respectively. The material used was aluminium alloy 
6061-T6. Table 2 shows the comparison of their effects 
after the shot peening process at different intensity levels 
[20, 68].

Fig. 20   Roughness after shot peening of Al 7075-T651 at air pressure of a 1.0 bar, b 1.5 bar, c 2.0 bar, d 2.5 bar, e 3.0 bar and f 4.0 bar [65]

Fig. 21   a surface topography of 
low intensity shot peening Alu-
minium alloy 6061-T6 [67], and 
b surface topography of high 
intensity shot peening [67]
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4.2.2 � Effect of shot peening on mechanical properties 
of metallic surface

The most common effect on mechanical properties for a shot-
peened specimen is the introduction of residual stresses over 
its surface. These residual stresses may be helpful depend-
ing on the sign, magnitude and distribution of these stresses 
[12]. The most popular residual stress classification applies 
to the coverage region, which may be macroscopic, micro-
scopic or sub microscopic [29]. Surface improvement by 
peening enhances the fatigue strength and life span through 
the introduction of compressive residual stresses. An opti-
mization of the SP process can introduce bottomless stresses 
than the traditional SP thus increasing the lifespan of certain 
parts by up to 1000% [69]. Also, surface hardening occurs 
as a residual compressive stress is induced into the surface. 

Hence, many engineering components have been properly 
designed using advanced manufacturing methods including 
surface treatments to produce greater fatigue strength with 
the introduction of compressive residual stresses on their 
surfaces. This increase in the fatigue life can be attributed 
to the compressive residual stresses in the vicinity of the 
crack tip following the overload cycle [70]. Furthermore, the 
application of peening processes transforms the high tensile 
stress into compressive residual stress thus improving the 
life phase of components and increasing their deformation 
behaviour [71].

Figure 22 shows images of the surfaces and edges of 
non-peened and shot-peened specimens to determine its 
effect on the fatigue strength after shot peening. Using 
a digital microscope, Fig. 22a was created by stacking 
images that were viewed at an angle of roughly 45° to the 

Table 2   Comparison on effect 
of low and high intensity shot 
peening on aluminium 6061-T6

Material Shot peening intensity Alignment Cracks Residual stress Fatigue life

Aluminium 6061-T6 Low intensity peening Unstable Exit Low Low
High intensity peening Stable merged High High

Fig. 22   Aspects of edges of stainless steel SUS316 L specimens and residual stresses as a function of depth below the surface respectively for a, 
b unpeened and d, c shot-peened [72]
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surface with a colour map of height along the 45° axis [72]. 
The edge of the non-peened specimen of stainless steel 
SUS316 L was rounded with a radius of 0.2 µm using a 
chamfering tool. Figure 22c shows the surface of the speci-
men subjected to peening on the upper right-hand side. 
Shot peening, on the other hand, produces significant edge 
deformation as compared to non-peened specimens. This 
plastic deformation would result in fractures with lesser 
applied stress. Figure 22b and d show the residual stress 
for non-peened and shot-peened specimens before and after 
the fatigue test. The 2D X-ray diffraction technique was 
used to make the measurements. The compressive residual 
stress was introduced by shot peening. The compressive 
residual stress decreased after the fatigue test. The reduc-
tion in stress was more remarkable when the applied stress 
was larger and/or the number of cycles was greater. Even 
for the non-peened specimen, the residual stress became 
more tensile [66, 73].

Figure 23 shows gradient curves of residual stress along 
the depth for the non-peening and shot peening cases. As for 
the non-peening condition, because of heat treatment and 
grinding, the magnitudes of compressive residual stresses 
reach the largest on the surface. However, since high velocity 
shots impact on the surface, a plastic deformation layer with 
a certain depth is generated. Thus, the maximum magnitude 
of compressive residual stress shifts to the subsurface. Com-
paring between the cases of 100% coverage and of 200%, 
there is no significant difference in the residual stress gradi-
ent curve along the depth. The residual compressive stress 
reaches the maximum of 1150 MPa around the depth of 
0.05 mm. After that, it gradually decreases tending to follow 
the non-peened curve below the depth of around 0.18 mm 
thus indicating that the affected zone of shot peening reaches 
0.18 mm in depth, in regard to the residual stress [74].

Figure 24a shows the surface hardness gradients of the 
shot-peened Ti-6Al-4 V specimens. The hardness near the 
surface was stimulated by the shot peening treatment. The 
maximum hardness value was at least 55 HV higher than 
the original hardness around 300 HV. A strain hardening 
layer was formed in the surface of the specimen subjected 
to the SP process. The depth of the strain hardening layer 
increased from 90 to 135 µm as the SP intensity rose from 
0.2 to 0.4 mmA [75]. The micro hardness profiles along the 
depth of three treatment conditions are shown in Fig. 24b. 
The surface hardness without peening is around 690 HV, 
and the hardness reaches a maximum of 702 HV at the 
depth of 200 µm, then it gradually decreases with the dis-
tance from surface increases. It is worth noting that as shot 
peening applies, the surface hardness increases in a visible 
way. When the shot peening coverage is 100%, the surface 
hardness increases by 3.3% compared with the non-peened, 
reaching 712 HV. When the coverage increases to 200%, 
the surface hardness continues to increase to 738 HV, by 
6.9% compared to the non-peened case [75]. In addition, 
when shot peening is applied, the maximum value of hard-
ness appears on the surface. In engineering practice, some 
empirical hardness equations are recommended, from which 
the maximum hardness is found to appear at the surface.

4.2.3 � Effect of shot peening on microstructural changes 
of metallic surface

Various parameters in the SP process influence the change of 
microstructures of the peened specimens. The major factors 
include the shot intensity, air pressure and exposure time. A 
method to increase the exposure time is to treat the surface 
with multiple passes treatment. The effect on microstructures 
by single and double shot peening is shown Fig. 25. The 

Fig. 23   Gradients of residual compressive stress for carburized 18CrNiMo specimens a axial and b tangential [74]
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original specimen without treatment shows a uniform grain 
size across the cross section as shown in Fig. 25a. After the 
treatment with both single and double shot peening, it can 
be found that the grain size at the surface and near-surface 
develops into slightly finer size as shown in Fig. 25b and c, 
respectively, within the depth range of 180 µm. However, 
the depth of the grain refinement zone is almost identical for 
both single and double SP processes. Furthermore, this grain 
refinement near-surface is believed to be one of the reasons 
causing an increase in the surface hardness consequently 
improving the fatigue resistance of material [74].

Microstructures of metallic surfaces have also been influ-
enced by the shot intensity. Figure 26 shows the scanning 
electron microscopy (SEM) images of the shot-peened sur-
face at different intensities. It can be observed that typical 

crater-like marks of repeated shot impacts are clearly seen 
on all surfaces. Statistically, the surface of sample which 
belongs to SP30 is significantly smoother than those of 
specimen SP50 and SP70, from which they concluded that 
lower peening intensity leads to smaller surface roughness 
[56]. This may result in an increase in the fatigue cycle of 
components since the roughness of material plays an impor-
tant role in the fatigue cycle.

Figure  27 shows the effects of continuous pressure 
changes in the SP process on the material surface. The 
original specimen shows a grainy structure as seen in 
Fig. 27a and b. In general, shot-peened specimens display 
rough surfaces and voids in the deformed layer as shown in 
Fig. 27c–d. As the air pressure increases to 482.6 kPa, the 
microstructure shows the columnar features with a deeper 

Fig. 24   a Surface hardness gradients for the shot-peened Ti-6Al-4 V specimens [75], and b micro hardness profile with different shot peening 
coverage [75]

Fig. 25   Comparison of grain size for carburized 18CrNiMo specimens with a no treatment, b single treatment (100% coverage) and c double 
treatment (200% coverage) [74]
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grainy layer as shown in Fig. 27e and f. This may essen-
tially prevent the growth of fatigue cracks. However, at the 
highest air pressure of 689.5 kPa, the surface experiences 
more damage with large dents and possible stress concentra-
tion as shown in Fig. 27g and h. This will lead to a higher 
amount of fatigue initiations sites thus reducing the fatigue 
performance of material. This shows that the SP process 
can produce a deformed layer with columnar features thus 
improving the fatigue life of a material; however, an exces-
sive air pressure may cause more damage to the surface [76].

Figure 28 shows the microstructural changes of shot-
peened specimens with different air pressures but same 
duration of peening time. The images were initially taken 
using scanning electron microscope as shown on the left 
side. Then, the SEM images were modified into a binary 
image as shown on the right side to evaluate the faulty region 
as indicated in red colour in which the background was con-
verted to white and the percentage of micro cracks and the 

area of defects relative to the area of the whole image were 
calculated using an image processing technique. The micro-
structure of the original specimen is shown in Fig. 28a and 
b. The dislocation clusters and micro-cracks were reduced 
after SP at an air pressure of 206.8 kPa as shown in Fig. 28c 
and d. When the air pressure increases to 482.6 kPa, the 
microstructure improves significantly as shown in Fig. 28e 
and f with the smallest area of defects. However, the sur-
face deteriorated at the highest air pressure of 689.6 kPa as 
shown in Fig. 28g and h with large defects.

Tables 3 and 4 compare the effects of two different mate-
rials, namely carbon nanotube/Al–Mg-Si and Al–Mg-Si 
alloy after the SP process. It can be noted that the roughness 
is about 15% higher in the case of the composite material 
possibly due to their microstructure with irregular structure 
as shown in Table 3. Table 4 shows that the hardness is 
higher in composite material due to invocation of compres-
sion and relaxation of material after the shot peening [76].

Fig. 26   Images for Ti-6Al-4 V 
specimens under different shot 
peening a SP 30 b SP 50 c SP 
70 [76]

Fig. 27   Fractographic images 
for Ti-6Al-4 V specimens a, b 
intrinsic; c, d SP30; e, f SP50; 
g, h SP70. The yellow-dotted 
circle denotes the gap located 
zone, while the red-dotted line 
denotes the boundary between 
various layers [76]
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In conclusion, Table 5 has summarised all responses on 
surfaces and sub-surfaces for various studies in the SP pro-
cess. The studies involve different types of materials and 
processing parameters. There are more opportunities for 
future research in the SP process for new metallic materials 
in specific industrial applications.

5 � Laser shock peening

In surface treatment technology, laser shock peening (LSP) 
has been known to be an advanced and innovative tech-
nique that improves the surface properties. The process can 
effectively boost fatigue life and strength with mechanical 

Fig. 28   Microstructure for steel 
1070 specimens with different 
air pressures a b original, c d 
206.8 kPa, e f 482.6 kPa, g h 
689.6 kPa [21]

Table 3   Comparison on roughness effect of composite and Al–Mg-Si 
alloy

Ref Materials Ra (µm) Rz (µm)

[3, 60] Carbon nanotube (CNT)/ Al–
Mg–Si composite

65 67

[4] Al–Mg–Si alloy 55 59

Table 4   Comparison on effect of hardness and residual stress of com-
posite and Al–Mg-Si alloy

Ref Materials Hardness (HV) Residual 
Stress 
(MPa)

[1, 3, 5] CNT/ Al–Mg–Si composite 106 97
[4] Al–Mg–Si alloy 93 133
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properties of components by applying the compressive 
stress with a laser shock wave and improve cracks of the 
metallic components [91, 92]. For surface treatment, a 
high-energy pulsed laser beam strikes the metal compo-
nent, creating high-amplitude stress waves [93]. In com-
parison to other traditional surface treatments, LSP offers 
three distinct benefits: a controllable heat source, low heat 
distortion and high structural adaptability [94].

The surface material resists the tension waves, extend-
ing and causing the creation of a surface compression stress 
[95]. LSP is used to reduce the susceptibility of stainless 

steel and other metallic materials to surface corrosion crack-
ing (SCC) by removing the impulsive force of high-pressure 
plasma. By developing a nanostructured surface with an 
average depth of less than 10 µm, LSP improved ultimate 
tensile strength and elongation rate [96].

5.1 � Working principle of laser shock peening

As shown in Fig. 29, to prepare a component for laser 
peening, apply an overlay to the material surface to be 
handled that is opaque to the laser beam. The paint (dry or 

Table 5   Summary of responses on surfaces and sub-surfaces for various studies in SP process

Ref Materials Parameters Responses

[80] Aluminium Alloy Shot velocity (32–72 m/s), angle 90°, shot 
size (1.16 mm), SOD (150 mm)

Stress changes in positive

[57] Carburized stainless steel Intensity (12–16 A), shot diameter (0.4 
and 0.6 mm), coverage 100%

Residual stress decreases

[76] Titanium alloy Pressure (30–70 psi), intensity (6–11 A), 
shot flow rate (10 lb/min),

Roughness on surface

[81, 82] 41CrAlMo7 steel Tungsten carbide (0.65 and 0.9 mm), air 
pressure (4 bar), SOD (400–420 mm), 
exposure time (15 and 18 min),

Quenching, tempering, nitriding, and double 
SP are increased in residual stress

[69] AISI Mild Steel Pressure (4, 5,6 bar), time (60, 90, 120 s), 
SOD (50, 100,150 mm)

Pressure and time increase in tensile 
strength

[62, 77] CNT/6061 Al composite Nozzle diameter (15 mm), SOD (100 mm), 
time (0.5 min), shot diameter (0.25 and 
0.42 mm), pressure (0.08, 0.12, 0.15, 
0.20, 0.30 MPa), intensity (0.05, 0.1, 
0.15, 0.20, 0.25 A)

Surface roughness increases. Corrosion 
reduction and fatigue growth rate increase 
with surface roughness

[83] Fibre metal laminates (aluminium–lithium 
alloy)

Ceramics shots (0.4 mm), time (1 to 9 s), 
coverage 100%, intensity (0.09 to 0.19 
A)

Fibre layers significantly affected the defor-
mation behaviour

[84] CNTs)-reinforced Al–Mg–Si composite Intensity (9 A), ceramics shots (0.3 mm), 
annealing temp (150, 200, 250 °C)

CRS (compressive residual stress) decreases 
when annealing temperature rises

[85] ZrB2–SiC composites Zirconium oxide shot (0.3 mm), pressure 
(0.1 to 0.4 MPa), time 20 s

Fatigue strength depends upon the pressure

[86] 18CrNiMo7-6 steel Cast steel shots (0.28 and 0.58 mm), 
pressure (0.1 to 0.5 MPa), angle (900), 
distance (180 to 220 mm), coverage 
200%, flow rate (4 to 12 kg/min), nozzle 
diameter (4 mm)

Residual stress increase and surface rough-
ness has a direct link with hardness

[87] 39NiCrMo3 low alloy steel AGB 70 shots (0.7 mm), intensity (13 A), 
time (7 s), coverage 100%, tempered 
(600 °C at 2 h)

Hardness increases with improvements in 
roughness

[88] AA2024-T3 alloy Pressure (0.5 MPa), distance (60 mm), 
nickel shots,

Increased fatigue and flexural stress

[89] (TiB + TiC)/Ti-6Al-4 V titanium matrix 
composite

Intensity (0.1 mmA), nozzle diam-
eter (8 mm), ceramics shot diameter 
(0.30 mm), coverage 200%,

Improved CRS and hardness

[90] Aluminium borate (Al18B4O33) reinforced 
Al–Mg-Si composite

Ceramic + glass shot diameter 
(0.35 + 0.045) mm, intensities (0.25, 
0.40, 0.45 + 0.08) mmN, time (20 + 10) s

Dislocation density, roughness and corro-
sion increase

[78] 2124-T4 aluminium alloy silicon carbide 
composite

Steel shot diameter (0.8 mm), time (10 s), 
pressure (0.3 MPa),

Hardness and residual stress increase with 
particle density high
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wet), black tape and metal foils (with or without adhesive 
backing) have all been used as opaque overlays, with vary-
ing but similar results in terms of pressure pulses produced 
[97]. The dark overlay prevents the surface from overt 
warm contact with the laser-incited plasma and creates 
a consistent surface for laser beam interaction, releasing 
the original substance being processed [98]. Depending on 
the laser irradiation conditions and metal properties, direct 
interaction of a metal surface with plasma can result in the 
creation of a thin melt layer on the metal’s surface, rang-
ing from surface discoloration to a surface melt layer 15 
to 25 mm thick [99]. The opaque overlay is then covered 

with a material that is transparent to the laser beam. Water 
flowing over the surface from an appropriately positioned 
nozzle, as shown in Fig. 29, is the easiest and most cost-
effective transparent overlay [100]. The water does not 
cool the component, but it does play an important role 
in restricting the plasma produced in the meantime the 
laser beam is going to relate with the opaque overlay sur-
face [79, 101]. The laser beam passes through the water 
and interacts with the transparent overlay. Then the laser 
energy is absorbed by the invisible overlay layer in the first 
few micrometres, allowing the material to vaporise and 
plasma to form [102, 103]. The temperature of the plasma 
rapidly rises due to additional heating by the incoming 
laser beam, but its thermal expansion is constrained by the 
transparent overlay material [104].

Laser shock peening process is influenced by several 
parameters and factors. The typical parameters and their 
levels are illustrated in Fig.  30 [92, 105]. The typical 
parameters include duration of the pulse, diameter of the 
laser spot and focal spot size.

Figure 31 shows the laser shock peening spot posi-
tion and the percent of the overlapping ratio of spots. 
The laser impact must be optimised by controlling the 
direction of spot and ratio of overlapping and also the 
direction of scanning is a key factor in laser shock peen-
ing [114].

Fig. 29   Schematic view of laser shock peening process

Fig. 30   Typical laser shock 
peening parameters and their 
levels
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5.2 � Effect of laser shock peening on metallic 
surfaces

The effect of laser shock peening on metallic surfaces is 
interestingly getting attention as the improvement on the 
mechanical and microstructural properties has practically 
been realised. The mechanical and microstructural changes 
have been studied using several techniques such as tensile 
testing, surface roughness, residual stress analysis, Vick-
ers micro hardness and X-ray diffraction. Li et al. [96] used 
three types of LSP specimens and were analysed for tensile 
strength, elongation intensity, and detailed microstructural 
evolutions and the mechanisms of surface nanocrystalli-
zation and amorphization. Residual stress increases by a 
change in laser impact around 414.8 to 448 MPa; however, 
continuous increase reveals the effect of stresses to be nega-
tive [94].

In LSP, a pressure is applied on the surface of the materi-
als in nanoseconds and a local plastic deformation is devel-
oped. The pressure applied is beyond the dynamic yield 

strength of the materials and this leads to a residual stress 
that improves the mechanical properties of the localised part 
of the material. In light of this, several works of finite ele-
ment analysis have been done to predict the residual stress 
due to the SLP [106–108].

Ding et al. [108] predicted the distribution of residual 
stress based on the dislocation density-based material model 
which indicates that the magnitude and the profile show sim-
ilarity within the material depth of 0.7 mm. Figure 32 shows 
the predicted and the experimental results of the distribution 
of the residual stress in aluminium (LY2) materials where 
the impacts were 5 times and positioned in the horizontal 
direction. Similarly, Xiang et al. [107] in their numerical 
simulation of LSP, it was predicted and reported that the 
shape of the spots did not have an effect on the performance 
of the residual stress distribution; however, the scanning pat-
tern profile would create significant effect on the surface 
quality and residual stress distribution.

Besides the overall operation and interaction between the 
shockwave and the metallic parts, the understanding of the 

Fig. 31   Schematic views of LSP a laser spots b laser spots over lapping

Fig. 32   Experimental vs numerical analysis results of residual stress for LY2 aluminium alloy [108]. a Residual stress distribution, b residual 
stress comparison
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quantity of pressure of shock wave applied on the metal-
lic surface is very important. Several researchers [106, 109, 
110] in determining the shock wave pressure over a specified 
time on the metallic surface estimated that the peak pressure 
can be calculated as Eq. (1) [107, 111].

where α (0.1–0.2) represents the efficiency of the interac-
tion, Z is the acoustic impedance of the target and constraint 
layer to the shock wave and Io is the power density which is 
defined as Eq. 2.

where γ is the absorption coefficient (0.8–0.95), E is the 
laser energy (J), τ is the laser pulse width and R is the spot 
diameter. The shock wave acoustic impedance (Z) between 
the target and constraint layer is defined as Eq. (3).

where Ztarget and Zconfine are acoustic impedance of the target 
and constrained layer material respectively.

Based on the Hugoniot elastic limit (HEL), the induced 
shock wave is practically set 2–3 times the material’s prop-
erty of the peak pressure (Ppeak) and the persisting action 
time was also 2–3 times the laser pulse duration which gives 
better effect on the performance of the shot peening [112].

5.2.1 � Effect of laser shock peening on topography 
of metallic surface

The LSP has a roughness increase resulting as compared 
to SP. The SP method has a negative effect since it usu-
ally increases the surface roughness, which increases crack 
nucleation [113]. This effect is much more harmful because 
the surface roughness before SP is smooth and the substrate 
is notch-sensitive [113]. Through numerous progressive and 
regulated impacts of pulsed laser beams, the LSP technique 
may generate high-intensity shock waves that then cause 
hundreds MPa of compressive residual stress [114].

Gao et al. [115] investigated the effect of pulse energy 
on the surface roughness of nickel aluminium bronze alloy 
(NAB) materials and showed that the surface roughness 
(Ra) has increased rapidly as the laser pulse energy progres-
sively increases. The untreated NAB specimen Ra had a sur-
face roughness of 4.85 µm. According to the experiment, 
the Ra values were 3.27 µm, 4.11 µm and 6.17 µm for the 
laser pulse energy applied was 2 J, 4 J and 6 J, respectively. 

(1)
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Figure 33 revealed the values of the surface roughness on 
different energy pulses. On the other hand, the compressive 
stress developed by the application of LSP on AZ31B Mg 
alloy had limited the stress corrosion cracking (SCC) initia-
tion and development on the surface [115].

5.2.2 � Effect of laser shock peening on mechanical 
properties of metallic surface

The application of laser shot peening on steel materials is 
commonly known for its improvement in the mechanical 
properties of materials on the surface. The effect of the LSP 
on the hardness, ultimate tensile strength and fatigue life of 
metallic materials has been studied thoroughly. For exam-
ple, Lu et al. [116] used H62 brass material to study the 
effect of LSP on the ultimate strength and elongation rate 
and found that both properties were improved when treated 
for less than 10 nm depth. However, Yong et al. [117] use 
32CrNi alloy steel and found that the ultimate strength had 
no change in value before and after the LSP whereas yield 
strength and elongation decreases. At the same time, micro 
hardness and fatigue life have been improved. It also discov-
ered that ultra-high strain rates were more likely to activate 
dislocation density at a higher temperature, resulting in the 
disappearance of cracks in the commercially pure titanium 
plastic deformation layer [118]. Maximum CRS is 750 MPa 
on optimum temperature. Temperature increases continu-
ously and stress will decrease [115].

According to Fig. 34a, considering the initial residual 
stress sampling point at a depth of 0.025 mm, surface resid-
ual stresses of 55.8 MPa, 57.5 MPa, 82.4 MPa and 95.3 MPa 
were developed corresponding to laser pulse energies of 0 J 
(untreated), 2 J, 4 J and 6 J, respectively [115]. In Fig. 34b, 
the change in micro hardness as the depth of direction indi-
cates that the highest pulse energy resulted in highest micro 
hardness. Specifically, the highest values of laser pulse 
energy of 2 J, 4 J and 6 J resulted in 195 HV, 223 HV and 
241 HV, respectively. The percent of micro hardness value 
increase follows as 14.7%, 31.2% and 41.7%, respectively, as 
compared to the untreated samples [115]. It is also reported 
that improvement in the fatigue life after the LSP treatment 
by the proof of fracture morphology and surface micro hard-
ness was 301 HV, which has increased from the original one 
but fatigue life has increased by 76% from LSP [119]. It has 
been investigated that the impact of laser shock peening on 
the tensile properties, residual tension and microstructure 
on 2319 aluminium that the high density of dislocations and 
the mechanical effect caused by LSP resulted in a micro-
hardness increase [96].

Gao et al. [115], in their experiment as shown in Fig. 35, 
demonstrated that LSP-treated materials registered less 
initial axial deformation than the untreated. The untreated 
material’s initial axial deformation was 0.348 mm while the 
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Fig. 33   3D surface topography distribution image for NAB alloy specimens and section roughness profile, respectively, for a, b unpeened speci-
men, c, d energy 2 J specimen, e, f energy 4 J specimen and g and h energy 6 J specimen [115]
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specimens treated with laser pulse energy of 2 J, 4 J and 6 J 
deformed to 0.347 mm, 0.277 mm and 0.247 mm, respec-
tively. It is also shown in Fig. 35a and b that the trend in both 
minimum and maximum axial deformation as the fatigue 
cycles is the same [115]. On the other hand, the surface 
hardness decreases in the absence of a restricting substrate 
with a protecting coating [120]. Air consistency after LSP 
in the air short of coating is superior to that of the untreated 
surface [121]. Additionally, LSP caused changes in the 
tensile and compressive stress which actually was residual 
stresses of the material, resulting in significantly increased 
yield power [122].

5.2.3 � Effect of laser shock peening on microstructural 
changes of metallic surface

Tensile properties of metallic materials are thought to 
often result from micro-plastic deformation with change 
in residual stress [123]. Similarly, Huang et al. [92] inves-
tigated the effect of laser peening on tensile properties 
and microstructural reaction on 2024-T351 aluminium 
alloy specimens. A higher density of dislocations and 
smaller-size grain induced by laser peening was respon-
sible for the high strength, plasticity and magnificent ten-
sile properties.

Fig. 34   a residual stress distribution of NAB alloy specimens subjected to different laser pulse energies along the depth from the treated surface 
[115], and b micro hardness profiling of treated specimens along the depth [115]

Fig. 35   The experimental curves of axial deformation versus fatigue cycles on NAB alloy specimens subjected to LSP with different laser pulse 
energies a maximum and b minimum axial deformation [115]
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The LSP treatment induced the plastic deformation, 
which is concluded in an excessive increase in dislocation 
density, resulting in dislocation tangle formation [38, 124]. 
FEM results have proved that a high number of peening 
impacts increase the magnitude and depth of CRS [113]. The 
effect of LSP at unlike process temperatures on the mechani-
cal properties like as microstructural evolution and would be 
affected tensile of CP titanium which has investigated, and 
the results revealed that higher process temperatures were 
associated with greater elongation and area reduction of the 
laser shock–peened specimens [125].

Figure 36 shows the morphology of laser peening and 
the boundaries of layer impact after the treatment. It is also 
showing grain boundary maps in some areas (low-angle 
boundaries in 200 to 300 μm, high-angle boundaries in 
100 to 200 μm) [126]. As compared with the process effect 
between laser shock peening and warm laser shock peening, 
the boundaries must be better aligned by warm laser shock 
peening [113].

Figure 37 shows an example of TEM image of laser peen-
ing treatment material showing nanocrystalline structures of 
the treated surface. The grains are approximately between 
30 and 60 nm in size and the nanograin layer is around 100 
to 150 nm thick. Region [I] shows a pattern with a panel 
depth of less than 500 nm. The region marked [II] in the col-
umn, at a depth of about 500 nm, was very normal. The LSP 
sample’s grain size formed a gradient distribution along the 
depth direction, with nanograins at the surface, processed 
grains in the subsurface and the matrix’s original coarse 
grain in deeper layers [127].

Figure 38a and b at a depth of 15 µm, there is an extreme 
plastic deformation layer that leads to refined grain, and at 

a depth of 15–25 µm, there is a transition layer (I) of plastic 
deformation. However, under the depth of 25 µm, except for 
flat grains parallel to the surface in the transition layer (II), 
grain refining is difficult to see [128]. Dislocation motion is 
triggered during the process. Dislocation movement modes 
include tangle, recombination, and annihilation.

In the LSP process, the laser shock waves induce substan-
tial plastic deformation on the surface, resulting in higher 
pile-ups with pits and overlap marks, as seen in Fig. 39c. In 
comparison to the baseline specimens shown in Fig. 39a, 
the surface of the LSP-peened specimens has sharp ampli-
tude and a lower valley. In Fig. 39c, there is also notice-
able pits and overlap marks. Figure 39d on the surface of 
the LSP-peened specimens, as seen in surface morphology 
cloud diagrams, resulting from surface roughness of the LSP 
peened specimens on the surface improving significantly as 
compared to baseline specimens. The laser spot’s irregular 
energy distribution on the surface causes homogeneous plas-
tic deformation (pits) [128].

Tables 6 and 7 show the comparisons for the effects of 
laser shock peening treatment on the roughness and mechan-
ical properties of 304 stainless steel and nickel aluminium 
bronze alloy (NAB) respectively. From Table 6, it can be 
observed that roughness has a higher value in the case of 
NAB alloy than stainless steel [119, 125]. The irregular 
structure and grain presence in the steel, laser shock peen-
ing become the result in the surface roughness differ. The 
result might be due to the development of irregular structure 
and coarse grain in the NAB by the laser shock peening 
[95]. Table 7 also indicates that 304 stainless steel shows 
higher hardness compared to NAB alloy. However, NAB 
alloy generates higher residual stress which might be due 

Fig. 36   Morphology structures of different laser peening for Ti6Al4V specimens a laser shock peening and b warm laser shock peening [127]

4255The International Journal of Advanced Manufacturing Technology (2022) 120:4233–4270



1 3

to invocation of compression and relaxation of the material 
after the laser shock peening [95]. Both alloys exhibit lower 
hardness after the laser shot peening.

In conclusion, the effects of LSP treatment and the rela-
tion with each other on surfaces and sub-surfaces are sum-
marised in Table 8.

6 � Water jet peening

Another cold mechanical surface treatment process is 
water jet peening (WJP). Water jet peening is utilised to 
produce compressive stresses on the surface. This process 
is considered one of the methods for surface strengthening 

Fig. 37   Cross-sectional TEM 
image of Ti6Al4V titanium 
alloy after LSP [127]

Fig. 38   Electron based inverse pole figure for 32CrNi alloy steel specimens a IPF before laser treatment b IPF after laser treatment c IPF region 
view [128]
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with no significant effect on the surface roughness and 
texture for a wide variety of substrate materials [145]. 
In addition, WJP as a high-speed water jet provides a 
constant effect on the workpiece surface [146]. As cold 
mechanical surface treatment, water jet peening induces 
localised plastic deformation and compressive stress in 
the workpiece’s surface and near surface layer [147]. This 
leads to a reduced residual stress especially tensile residual 
stress and an increase in surface strength and fatigue life 
hence can be used as preventive maintenance strategies 
[148]. The WJP process can be used to improve the surface 
quality of the workpieces with intricate geometries and 
kerfs with top-notch acuity [149]. In contrast to shot peen-
ing, water jet peening is simpler in controlling the water 
and is lower in terms of cost due to the water preparation. 
The WJP process is also an environmentally friendly sur-
face treatment process because no dust or other hazardous 
material is involved during the process [150].

6.1 � Working principle of water jet peening

The mechanism of surface treatment in water jet peening 
occurs due to the impingement of the high-pressure water 
droplet injected through a nozzle on the treated surface. 
Figure 40 shows one of the water jet peening experimen-
tal setups. A high-pressure water jet produces cavitation, 
which dissolves after a limited time and releases a strong 
pressure wave [151]. The strong pressure due to the rupture 
of the cavitation in the workpiece surface produces a peak 
load that exceeds the material’s yield strength and produces 
localised plastic deformation confined by the surrounding 
material. This process generates maximum compressive 
residual stress on the layer of the workpiece material [150].

The formation of jet’s droplets determines the genera-
tion of high compressive residual stress in the surface. 

Fig. 39   Surface topography before and after laser shock peening for 32CrNi alloy steel specimens a surface morphology before LSP b surface 
morphology after LSP c axial surface topography before LSP and d axial surface topography after LSP [128]

Table 6   Comparison on roughness effect of steel and alloy

Ref Materials Ra (µm) Rz (µm)

[6, 7] 304 Stainless steel 0.14 0.16
[8] NAB alloy 3.27 4.11

Table 7   Comparison of the effect of hardness and residual stress of 
steel and alloy

Ref Materials Hardness (HV) Residual 
stress 
(MPa)

[6] 304 Stainless steel 328 237
[8] NAB alloy 241 55.8
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Hence, it is critical to pinpoint the droplet forming area 
in the jet’s configuration and position the workpiece sur-
face in that region [40]. As one of the critical parts in 
the water jet peening, the jet nozzle design is important. 
The structure of a jet output from the nozzle, as can 
be seen in Fig. 41, can be divided into three regions: 
initial region, transition region, and final region. When 
the workpiece is positioned in the initial region, a jet 
produces constant axial dynamic pressure with peak 
loads below the material’s yield strength. As a result, 
the region is not suitable for the WJP because no plastic 
deformation occurred. In the transition region, the effect 
of droplets induces peak loads causing plastic deforma-
tion in the impact region. Lastly, in the final region, the 
droplets dispersed over a wider area, rendering the sur-
face treatment process inefficient. Therefore, the work-
piece surface must be located in the main area to achieve 
the optimum WJP process.

In addition to the distance between the nozzle and the 
workpiece surface, there are some other parameters and fac-
tors affecting the water jet peening process such as standoff 
distance (SOD), orifice diameter of the nozzle, jet pressure, 
nozzle feed rate, nozzle angle and exposure time. The typical 
parameters and their levels are illustrated in Fig. 42 [30, 152].

6.2 � Effect of water jet peening on metallic surfaces

Water jet peening is mainly used in metallic surfaces. Some 
researchers have performed studies on the effect of various 
water jet peening parameters to the surface and sub-surface 
quality such as residual stress. Srivastava et al. observed the 
effect of stand-off distance (SOD) on residual stresses and 
surface roughness induced by water jet peening process for 
two types of outlet angles, 0 and 20° [150]. They argued 
that at smaller SOD, less compressive residual stresses were 
produced. However, as the distance increased, higher com-
pressive residual stresses were generated to a certain point. 
Beyond that point, residual stresses were reduced, which 
implies that the jet was ineffective [148]. Hence, the SOD 
must be carefully selected to achieve the best residual stress 
distribution in different pieces [153].

6.2.1 � Effect of water jet peening on topography of metallic 
surface

Some studies have also been performed to observe the effect 
of water jet peening parameters on the surface roughness. 
Mochizuki et al. [147] argued that up to a peening time 
of 15 s, the roughness values are almost identical before 
and after water peening, resulting in the maximum effect 
on residual stress [154]. WJP can produce a lower surface 
roughness as low as 7.2 µm when a large number of jet 
passes are applied and the slowest feed rate of 1000 mm/min 
[155]. Fatigue strength of load-free and load-bound surfaces 

Fig. 40   Experimental setup view of water jet peening [150]

Fig. 41   Schematic view of jet 
nozzle [150]
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is influenced by surface roughness and topography, and the 
lack of fatigue resistance is caused by load-free surfaces and 
high roughness values [146].

The increase of jet pressure can reduce or cut off the ero-
sion from the surface [152]. Strong parameters have been 
selected to characterise and check viability of abrasive less 
WJP; water pressure and slow traverse velocity show dif-
ferent effects [155]. The erosion was increased by continu-
ously increasing WJP processing time. The increase of the 
number of passes and standoff distance increases the surface 

roughness and friction [156]. Higher standoff distances 
result in more erosion.

Figure 43a depicts the influence of waterjet peening on 
surface roughness as a function of the number of passes and 
the standoff distance. It can be observed that as the number of 
passes decreases, the arithmetic mean surface roughness (Ra) 
only exhibits minor improvements at different levels of the 
standoff distance. Surface roughness, Ra, on the other hand, 
increases significantly as the standoff interval increases from 
20 to 60 mm at the peak number of passes [157].

Fig. 42   Typical waterjet peen-
ing parameters and their levels

Fig. 43   Effect of waterjet peening on surface roughness for aluminium alloy 5005 specimens a interaction between SOD and number of passes 
and b interaction between SOD and feed rate [157]
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These results imply that the number of passes and the 
standoff distance has a close relationship, particularly at 
higher levels of jet passes. Furthermore, the relationship 
between feed rate and standoff distance indicates a nega-
tive influence on surface roughness as shown in Fig. 43b. 
In some other conditions, the impact of rising the standoff 
distance on Ra is more noticeable at lower feed rates. At the 
lowest feed rate, Ra increases dramatically while the standoff 
distance increases from 20 to 60 mm. Changing the standoff 
length, on the other side, results in almost no improvement 
in Ra at the maximum feed rate of 1500 mm/min [158].

It was reported that the additional passes using lower 
pressure of water jet peening can smoothen the surface from 
the previous pass [159]. Three conditions were defined as 
can be seen in Table 9. For each condition, the machining 
parameters were set to a predefined level accordingly [159].

The roughness parameters for original and three treated 
surface conditions shown in Table 9 are summarised in 
Fig.  44. The arithmetic mean roughness value, Ra, has 
almost the same values for all three conditions implying that 
surfaces have relatively the same features and profiles [159]. 
There are, nevertheless, substantial differences in Rz, the 
average value of the maximum height of the profile, espe-
cially between conditions 2 and 3 and condition 1. Condi-
tions 2 and 3 have significantly lower Rz values compared to 
condition 1. In addition, the Rpk (reduced peak height) value 

also shows a similar trend as Rz values where the treated con-
ditions 2 and 3 appear to be considerably lower than treated 
condition 1. In contrast, there is no significant difference for 
the reduced valley depths, Rvk, of all conditions [159]. This 
result implied that the conditions 2 and 3 where lower pres-
sure was applied have successfully smoothen the surface.

6.2.2 � Effect of waterjet peening on mechanical properties 
of metallic surface

The amount of compressive residual stress increases with 
peening time, reaching a limit of around 560 MPa [27]. 
The longer peening durations were found to significantly 
reduce compressive residual stress. The number of passes 
affects surface roughness, residual stress and hardness. The 
increase of the number of passes can change the maximum 
hardness and increase compressive residual stresses [157]. 
The number of passes affects residual stress depth pro-
files both in the transverse and longitudinal directions as 
shown in Fig. 45. The highest surface compressive residual 
stress was observed in the specimen treated with the most 
jet passes. The most jet passes also produced the most sig-
nificant improvement in surface hardness. The insertion of 
compressive stresses from repetitive water jet impact force 
is clearly the cause of the increased hardness and thickness 
of the hardening layer [160].

Pressure is another important variable in the waterjet 
peening process. The pressure affects residual stresses 
and roughness. Generally, compressive residual stresses 
increase by increasing the supply pressure at the begin-
ning, while excessive increase of supply pressure reduces 
residual stresses significantly [161]. The waterjet peen-
ing can improve surface hardness of aluminium alloys 
AA 6063-T6 of up to 35.9% in [162]. Waterjet peening 

Table 9   Conditions of different parameters [159]

Conditions 1–3 passes 4–6 passes 7–9 passes

1 300 MPa - -
2 300 MPa 200 MPa -
3 300 MPa 200 MPa 100 MPa

Fig. 44   Roughness parameters 
of different treated conditions 
[159]
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using jet pressure 200 MPa SOD around 100 mm and 
angle of 20° increases the residual stresses and reduces 
surface roughness [153]. At a low standoff distance (SOD) 
of about 10 mm, the compressive residual stress is the 
highest compared to 20 mm and 30 mm SOD as shown in 
Fig. 46a [163]. In addition, the low standoff distance also 
produced the highest hardness [164]. It was observed that 
there is an increment in hardness from 698 to 1058.34 
HV of a peened sample using parameters of SOD 10 mm 
and nozzle angle of 45° [164] (Fig. 46b). Peening opera-
tions induce compressive residual stress and lead to plas-
tic deformation on the surface. The plastic deformation 
on the surface is formed by the reduction of d-spacing 
between two atomic planes. It is important to discuss that 
waterjet peening enhances the surface hardness by invok-
ing beneficial compressive residual stress induced on the 
top surface [165].

6.2.3 � Effect of waterjet peening on microstructural 
changes of metallic surface

One of the indications of peening operation is the deposi-
tion formation on the substrate which is easily visible in 
the microstructure. The deposition is formed due to the 
un-recovered elastic strain from the obstruction of plastic 
strain. This, subsequently, induces residual strains on the 
surface layer. The plastic strain on the substrate increases 
micro hardness and compressive residual stresses so that the 
fatigue life of the material can be increased [153].

WJP improves the hardness just below the eroded surface 
from around 210 HV in the bulk material to around 300 HV 
on AISI 316 LVM [145]. The hardening occurred at a depth 
of around 100 µm. The plastic deformation can be indicated 
by the changing of the grain size. The sub micrometric/nano-
metric grains were observed in the 10–20 µm deep below 

Fig. 45   Residual stress depth profiles for AISI 304 specimens in a traverse direction and b longitudinal direction [160]

Fig. 46   a compressive residual stress for Aluminium alloy 5005 specimens as a function of SOD and nozzle angle [150], and b hardness for M2 
high speed steel specimens as a function of SOD and nozzle angle [164]
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the surface implying that these grains experienced severe 
plastic deformation [166]. These grain sizes were smaller 
compared to the grains in the base material which is about 
70–100 µm [166]. WJP on AISI 316 LVM produces deeper 
tracks and undercuts on the surface. The increase of strain 
resulted in the increase of hardness about 22% and 31% than 
the base material.

Cavities were produced on the surface due to the waterjet 
peening (Fig. 47a and b). The higher power supply of about 
200 MPa produces more cavities compared to 100 MPa 
power supplies [153]. The more cavities obviously reduce 
the fatigue life of the workpiece.

Figure 48 shows a workpiece surface for different treat-
ment conditions. The un-peened surface has a smooth sur-
face finish. The single pass peened surface was seen to have 
some dull surface and the double passes peened surface pro-
duces some ploughing marks (Fig. 48c) implying the exist-
ence of deformation degradation on the target substrate’s 
surface [167]. The results on the peened surfaces can occur 
as an effect of plastic determination, which was induced by 
a waterjet. The plastic deformation increases the hardness 
on the peened surface.

Tables 10 and 11 show the surface roughness values, 
hardness and pressure of two materials, namely stain-
less steel and aluminium alloy after water jet peening. 
It can be seen that the surface roughness, especially Rz 
value of aluminium alloys, is higher compared to stain-
less steel (Table 10). This can be due to their microstruc-
ture [18], less irregular structure and grain presence on 
the surface of the steel after being treated with water 
jet peening [148]. Table 11 shows the hardness value of 
stainless steel which is slightly higher compared to alu-
minium alloy after the water jet peening at the pressure 
of 100 MPa. It is indeed that stainless steel has higher 

hardness compared to aluminium alloys prior to water 
jet peening. This can occur due to high hardness com-
pressive residual stress of the material and relaxation of 
material after the waterjet peening [157]. The hardness 
of the material affects the residual stress during surface 
treatment [168].

Table 12 shows the summary of the water jet peening 
processes based on the materials and parameters used 
and also the key observations. Some research gaps were 
observed based on this summary such as the application 
of water jet peening on composites and NFML materials 
are still rarely discussed.

7 � Discussion

Various peening processes have been discussed, especially 
the effects of the parameters on the surface and sub-sur-
face quality. However, some improvements are still needed 
based on the reviews and literature study. The advantages 
and disadvantages of each peening process are summarised 
in Table 13.

Fig. 47   Surface cavities during WJP for Aluminium alloy 7020-T6 
specimens a at P = 100 MPa and b at P = 200 MPa [153]

Fig. 48   Micrographs for alu-
minium alloy 5005 specimens a 
un-peened surface b WJP with 
single pass and c WJP with 
double passes [167]

Table 10   Surface roughness of steel and aluminium alloy after water 
jet peening

Ref Materials Ra (µm) Rz (µm)

[9] 304 austenitic stainless steel 6 7.19
[10] Aluminium alloy 6.27 16.42

Table 11   Hardness and residual stress of steel and aluminium alloy 
after water jet peening

Ref Materials Hardness (HV) Residual 
stress 
(MPa)

[9] 304 austenitic stainless steel 120 100
[11, 163] Aluminium alloy 113.90 89
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8 � Conclusion

The study on the various peening processes shows the poten-
tial to improve surface and sub-surface quality of the peened 
components. The peening process is known as one of the 
treatments to improve the quality of the engineering mate-
rials. Three peening processes are reviewed and discussed 
in this paper. They are shot peening, laser shock peening 
and water jet peening. The working principles of the three 
peening processes are explained and discussed. The effect of 
these processes on the surface topography, mechanical prop-
erties and microstructural conditions for various materials, 
setups and parameters are explored and highlighted. Selec-
tions of the optimum peening parameters are significant in 
order to achieve good quality in terms of surface topography, 
surface and sub-surface mechanical properties and sub-sur-
face microstructural conditions. The challenges to produce 
compressive residual stress and extend the fatigue life for 
engineering components have also been investigated and 
reported. Finally, this paper has summarised the advantages 
and disadvantages of the three peening processes. This sum-
mary is important for researchers and engineers in selecting 
the correct and suitable process for their applications.
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Table 13   Comparison of all peening processes (SP, LSP and WJP)

Process Advantages Disadvantages

Shot Peening • Cold process and easy to control [172]
• Wide parameters range
• Every type of substrate would be used
• Shots can improve thin depth residual stress [57]
• Peened components are mainly strain hardening due to 

multiple shots [174]
• Strain rate of small and light shots should be high, lead-

ing to more surface defects [175]
• Show durability on material
• Stave off common damage such as cracking, galling, and 

fretting [173]

• Limited with depth 0.25 mm maximum [57]
• Fatigue resistance limited [39]
• Random area dispersal
• Welded component restrictions for process [41]
• Less affected on deformation behaviour [71]
• Erosion and corrosion hasn’t well treated [88]

Laser shock peening • Operate at high temperature [121]
• Maintain residual stresses at high temperature [114]
• Maintain residual stresses at depth up to 1–2 mm [139]
• Superior fatigue resistance [120]
• Increase life of welded components [110]
• Severe plastically deformed region exhibited residual 

compressive stress[176]
• No process contamination
• Topography easily maintained and control [36]

• Need high energy for process [121]
• Limited range of parameters
• Limited substrate, and material has process
• Thin surface dominate in residual stress [79]
• Distortion in the peened components[176]
• High strain rate response is caused in the material [177]
• Higher crack length affects the LSP performance

Waterjet peening • Cold process and environment-friendly [79]
• Wide range of working parameters
• Easily access critical and less-access area [18]
• Plastic strain is more on ductile material [178]
• Full coverage of treated area
• Excellent resistance on corrosion and erosion [171]
• Good resistance to fatigue strength with micro-cracks

• Working parameters must be optimised to avoid damage
• Limited substrate and material have the process
• Micro strain has destruction by introducing compressive 

residual stress[179]
• Roughness has not treated well [155]
• Severe risk over abrasion
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