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ABSTRACT 

Laser shock peening (LSP) is a cold work processing technique for surface 

treatment of materials in order to improve their characteristics such as fatigue 

resistance, wear, aberration resistance and corrosion. LSP founds their 

applications in different fields such as turbines, fans, compressor blades, 

aircraft some parts and in automobiles are treated as well. In LSP plastic 

deformation is imparted at the material surface to a certain depth due to laser 

matter interaction and many associated physical phenomena. In simple words, 

the material surface is covered with an ablative layer which in turn is covered 

with a transparent confinement layer. The intensive incident laser beam ablates 

the absorbing layer the radiation forming an expanded plasma plume confined 

by the transparent layer. As a result, the expanded plasma exerts a huge pressure 

on the material surface causing local plastic deformation and compressive 

residual stresses along the material section. 

According to literature, many process parameters contribute to the quality 

of LSP such as laser power density, pulse duration, wavelength, pulse repetition 

rate, and spot geometry. The objective of the current study is to apply LSP 

technique on a soft thin sheets of Aluminum metal grade 6061-T6 in order to 

enhance its fatigue performance under cyclic loading.  

The results of treated specimens with LSP show two grades of 

enhancement in the fatigue life represented by noc compared with the untreated 

specimens. The first grade can be considered normal for the most treated 

specimens at different sets of parameters were recorded an average increase in 

fatigue life of approximately 175%. The second grade of results appears for 

two groups of specimens where the increase in fatigue life is highly significant 

represented by the highest noc at PRR of 22.5 kHz, ω of 0.04 mm and at both 

v's of 200 and 500 mm/sec. With these two mentioned sets of parameters, the 



maximum percentage increase in the fatigue life is 505.25% when v equals 500 

mm/s and 477.81% at 200 mm/s. These two groups show surface free defects 

when imaged with a scanning electron microscope (SEM). X-ray diffraction 

(XRD) analysis indicates a reduction in grains size, an increase of 28.56% in 

the lengths of dislocations, and the formation of effective compressive residual 

stress at the surface and beneath reaches to 700 μm. 
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1.1 Overview 

ngineered components have a wide range of uses in the environment 

around us, many of which are vital. These components are frequently 

subjected to different types of loading and stresses during regular operation and 

repetitive cyclic stress is one of them [1]. As a result, flaws and cracks initiate 

and spread across the section of the component resulting in sudden failure of 

the component [2]. Such breakdown which is due to fatigue stresses is sudden, 

unexpected, catastrophic, and occurs without pre-warning [3]. Mitigating 

fatigue failure in designed components is critical to ensure the overall safety of 

the element and lower the cost of component manufacturing and replacement 

[4]. It has been proven that the state of the surface for an engineering 

component has a significant impact on extending its fatigue life under cyclic 

loading. Surface defects are considered a fertile environment for cracks 

initiation and concentration and surface hardening is a crucial factor in 

disrupting their propagation [5]. In addition, introducing residual compressive 

stresses at the surface and beneath layers halts crack propagation and improves 

the performance under cyclic loading resulting in an increase in the lifetime of 

components [6]. This can be improved through many traditional and non-

traditional techniques [7]. One of the latter techniques is the Laser shock 

peening process (LSP) in which the fatigue life can be improved by introducing 

residual stresses. In non-traditional techniques such as shot peening, the 

induced residual stresses caused in mild metals like aluminum alloys are 

limited in depth rarely exceeding 0.25 mm [8]. In addition, the process 

outcomes are accompanied by a major disadvantage, especially in softer metals, 

represented by yielding surfaces of high roughness after treatment [9]. For 

commercially aluminum alloys, LSP causes a higher residual stress depth of 

more than 1 mm and has been demonstrated to improve the fatigue performance 

of designed components [10, 11]. The surface quality of the peened component 

E 
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is likewise minimally affected by LSP without noticeable thermal or surface 

condition changes at the surface as a result of the treatment procedure [12]. LSP 

has been adopted as a method for supporting the strength and lifetime of 

components that have been partially degrade in service owing to cracking, 

corrosion, or other defects [13]. The dislocation defects of partial fatigue 

damaged components may be effectively "healed" by LSP, hence prolonging 

the component's fatigue life. Engineered components are normally replaced 

after a pre-determined service time interval or when a fatigue crack is 

discovered [14]. This operation may be time-consuming and costly. To avoid 

expensive costs due to replacing of components LSP may be applied to the 

already tired components. 

The current chapter introduces, in Sections 1.2 presents the and essential 

components the fiber laser. The fundamentals concepts of laser matter 

interaction are depicted in Section 1.3. Section 1.4 focuses on aluminum alloys 

properties and grades. The general mechanical properties of engineering 

materials are described in Section 1.5. The traditional and non-traditional 

surface treatment techniques were introduced in Section 1.6. The principles of 

laser shock peening technique in improving the performance of components are 

described in Section 1.7. Section 1.8 introduce a comparison of laser shock 

peening technique with the traditional conventional shot peening techniques. 

Section 1.9 depicts the advantages and disadvantages of laser shock peening. 

The process working parameters of laser shock peening process and their 

effects on the quality of the process are discussed in Section 1.10. Section 1.11 

talks about the application of laser shock peening in industry and engineering 

applications. Section 1.12 gives theoretical description of experimentation 

techniques one factor at a time method (OFAT) and design of experiments 

(DOE). 
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1.2 Fiber Lasers 

 A fiber laser is considered an ideal type compact structured solid-state laser. It 

is characterized by excellent beam quality, reliability, large electrical and 

optical efficiencies and high peak power. As shown in Figure 1.1, an optical 

fiber of 1.1 μm diameter is used as a gain medium in which a specific 

wavelength is amplified [15]. The core, which has the highest refractive index, 

in the center of the fiber is doped with Ytterbium (Yb). As shown in Figure 

1.6a the laser obtained inside the core by pumping light from a diode laser or a 

flash lamp into one end of the fiber. A highly reflective cladding surrounds the 

core with a usual diameter of 125 μm and a lower refraction index than the core 

[16]. Pump light also travels through the inner cladding that surrounds the core. 

Because of the two cladding layers, the inner cladding is encompassed by the 

outer cladding, resulting in a double-clad fiber [17].  

 

 

 

 

 

 

The doped fiber is often several meters long, resulting in a substantial 

surface-to-volume ratio that makes removing the generated heat simple. Single-

fiber configurations may achieve laser outputs of up to 3 kW; however, power 

scaling can be done by coupling numerous fibers to a passive transport fiber 

with a larger core diameter [18]. This can enable laser outputs of up to 100 kW 

to achieve a wall-plug efficiency of up to 40%. This virtue of guidance also 

Figure 1.1: Generated laser in pumped fiber [17]. 
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allows the generated laser to have several results that can readily switch 

between fibers. 

Table 1.1 presents a general comparison between a numbers of the widely 

used lasers in industrial applications. 

Table 1.1: Comparison between four types of lasers system used in industry [4, 19, 20]. 

Property CO2 

Nd: YAG 

Lamp 

Pumped 

Nd: YAG 

Diode 

Pumped 

Fiber Laser diode Laser 

- Wavelength 

(m) 
10.6 1.06 1.070 1.65 

Laser Medium CO2 (gas) Nd:YAG rod (solid) Doped fiber 
semiconduc

tor 

Pump 

Mechanism 

Electrically 

excited gas 

discharge 

Light Light electrical 

Operating 

modes 

continuous, 

pulsed, TEA 
continuous, pulsed Nano second pulse 

continuous 

, pulsed 

Typical 

applications 

welding, 

drilling, 

heat treating 

welding, drilling, 

trimming, marking 

welding, drilling, trimming, 

marking 

LSP 

fiber optic 

communica

tions, 

barcode 

readers, 

laser 

pointers 

-Efficiency 

electrical/optic

al 

5 – 10 % 1 – 3 % 10 – 12 % 20-30%  >60% 

Max. Power 

(KW) 
40 5 Up to 20 1.5–2  

Average 

Power density 
106-8 W/cm2 

105-7 

W/cm2 

106-9 

W/cm2 
>1013 W/cm2 

950 

W/cm2 

Beam 

Parameter 

Product No. 

(mm x mrad) 

12 

(Excellent) 
25 – 45 

12 

(Excellent) 
20 2  

Beam 

guidance 

Lenses and 

mirrors 

Lenses, mirrors and 

optical fiber 
Fiber, lens 

Lenses  

glass 

Lens material 
Special 

glasses 

Zinc selenite, gallium 

arsenide and germanium 
glass 

element 

glass 
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1.3 Laser Matter Interaction 

1.3.1 Interaction with CW or Long Pulsed Laser  

The interaction of light and matter provides the foundation for laser 

applications in materials processing. When a laser beam incident on a target, 

its energy absorbed by free electrons at the surface and then propagates through 

the electron-lattice subsystem. Later on, the absorbed energy transferred to the 

material bulk, as illustrated in Figure 1.2 [21].  

 

 

 

 

 

 

Several physical processes and related the interactions take place during 

irradiation of an intense laser beam with a solid target as depicted in Figure 1.7. 

When an intensive Gaussian laser beam irradiated the surface absorption of 

optical energy starts. The absorbed energy accumulated at the surface then 

followed by thermal conduction allowing thermal energy to penetrate the bulk 

of the target (Figure 1.3a). When the surface reaches the melting temperature 

the material begins to evaporate (Figure 1.3b) as the irradiation continues and 

a hole begins to be drilled (Figure 1.3c). Absorption of laser by the blown 

material produces a hot dark plasma if the radiation is high enough. A 

 

Fabrication 

and running 

cost 

High High Moderate Moderate 
minimize 

cost 

Figure1.2: Laser energy absorption by a target material [22].  
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phenomenon known as a laser-assisted absorption (LSA) wave occurs when a 

hot dark plasma shields a target. The latter occurs noticed when the plasma that 

forms above the target travels backward along the beam path toward the laser 

accompanied with a loud noise and a dazzling flash of light (Figure 1.7d). 

 

1.7.2 Interaction with Intense Laser Short Pulses 

 

 

 

 

1.3.2 Interaction with Intense Laser Short Pulses 

Switching from CW or long pulsed lasers towards shorter pulsed laser 

beams such as nanosecond, picosecond and femtosecond change the nature of 

interaction with the matter [24]. In that case the associated physical processes 

and interaction differs moves from the thermal modes and became nonthermal. 

Even interaction with short pulsed lasers there is obvious difference in the 

interaction outcomes where it became highly athermal towards picosecond and 

more in femtosecond lasers [25]. The interaction nature between an intense 

laser pulse and target depends on type of the material and its related time scale. 

For metals, the energy exchange from optical to thermal occurs in a sharp 

period of 10−13s. In nonmetals the process occurs in a range of 10−12–10−6s [26]. 

The manner of interaction depends on three-time scales namely: pulse width 

(τ), electron cooling time (te) and lattice heating time (tl). Accordingly, the 

width of the laser pulse (nanosecond, picosecond or femtosecond) imposes the 

nature of interaction [24].  

When a high fluence short width laser pulse incident on a material surface, 

different interactions may take place. Figure 1.4 shows that longer pulse 

 Figure 1.3: Schematic diagram for the interactions 

between an intense laser beam with a solid target [23]. 
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duration leads to more thermal effect on the target where after 1 ps the energy 

transformation from electron to lattice system and heat the interaction zone. 

Some thermodynamic processes, such as heat diffusion, fusion, and explosion, 

will take place after 10 ps. In longer laser pulses, after 1 ns, thermal heating 

and phase transformation can take place [24]. The pulse width has a direct 

relationship with heat penetration and ablation of materials. Processing with 

shorter pulses such as picosecond and femtosecond significantly reduces the 

dissipated heat inside the material resulting effective and more precise ablation 

as seen in Figure 1.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: In interaction between laser and matter, different physical 

phenomena occur after time periods [24]. 

material interaction, modified 
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1.4 Aluminum Alloys  

Aluminum (Al) alloy alloys in which is the predominant metal is 

aluminum are characterized by the combinations of unique properties such as 

electrical and thermal conductivity, highly ductility, strength to weight ration 

and corrosion resistance [26]. These properties make Al and its alloys the most 

attractive, versatile and economical kind of metals for different engineering 

applications [27]. Al alloys occupy the second position in the structural 

applications after steels [28]. Under cyclic loading, aluminum alloys exhibit 

less fatigue life than steel alloys of similar strength and this is considered as 

Achilles's heel of such alloys [29]. Because of aluminum's lightweight and the 

development of aluminum fabrication methods, several industries are working 

to improve its mechanical qualities and use it as a substitute for steel in various 

applications. Alloying elements including copper, manganese, silicon, 

magnesium, and zinc are used to improve aluminum's mechanical qualities. 

Aluminum can be cast or wrought, and the addition of various primary alloying 

elements is classified into different series, as shown in Tables 1.2 [30]. 

Figure 1.5: Interaction with Intense Laser Short Pulses [24]. 
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Table 1.2 The main alloying element in the aluminum wrought alloy series [31]. 

Aluminum 

Alloy Series 
Predominantly alloying element 

1xxx 

- cannot be heat treated therefore it is hardened by cold working 

to enhance the mechanical qualities.  

- contains at least 99% Al were considered commercially pure.  

- It has excellent corrosion resistance, electrical and thermal 

conductivity, and formability. 

2xxx 

- Cu is the most common alloying ingredient. 

- They can be heat treated and precipitation hardened for 

increasing strength. With yield strengths of up to 455 MPa, they 

offer exceptional strength at room and higher temperatures. 

3xxx 

- Mn is the main alloying element.  

- Strain hardening is used to increase strength. 

- They have medium strength and are very formable and 

corrosion-resistant.  

- its applications in architectural, beverage and food containers. 

4xxx 

- Si is the main alloying element. 

- They have a reasonable flow rate and a medium strength. 

- Commonly used for soldering and brazing because of their 

excellent flow properties. 

5xxx 

- Mg is the main alloying element. 

- Strain hardening is used to increase strength. 

- Have high corrosion resistance, strength, toughness, and 

weldability. When exposed to high temperatures for lengthy 

periods, they are vulnerable to intergranular assault. 

- Commonly utilized in marine applications.  

6xxx 

- Mg an Si are both important alloying constituents. 

- They have good extrudability, corrosion resistance, and 

strength.  

- Used in Architectural and automotive extrusion components. 

7xxx 

Zn is the primary alloying element. 

- They are mechanically bonded together and have exceptional 

strength and hardness. 

8xxx 

- Other elements that aren't addressed in other series are the 

main alloying elements. 

- They have high strength, hardness, and conductivity and can 

be heat treated. 
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1.5 Mechanical Properties 

The mechanical properties are physical properties defines the behavior of 

a material or component when subjected to external loads. A broad spectrum 

of properties defines a material benefit to predict the material behavior in 

surface and the kind of predicted failure. 

1.5.1 Properties Extracted from Tensile Test  

Tensile tests are carried out for extracting important information about 

some characteristics that frequently needed during processing of materials with 

different techniques. Tensile test graph shown in Figure 1.6 reveals a number 

of important mechanical properties will be discussed below:  

1. Elastic limit: Is the maximum stress exhibits elastic behavior where the 

material restores its dimensions without plastic deformation when the applied 

load is removed [32].  

2. Modulus of elasticity (E): Also called Young's modulus, is the slope of the 

stress-strain curve in the elastic region which represents the stiffness or rigidity 

of a material whereby a material returns to its original dimensions and shape 

once the load is removed [33]. 

3. Yield Strength: Is the maximum stress can be applied before the material 

begins to distort plastically. Strain hardening occurs at this point due to plastic 

deformation resulting increase in the material strength [34]. 

4. Ultimate tensile Strength (UTS): Is the greatest stress a material can 

withstand when stretched under loading without fracture. Ultimate tensile 

strength is often referred as tensile strength tensile strength is a commonly used 

to describe the strength of metals and alloys. The associated elongation from 

the yield point and UTS is uniform [35]. 
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5. Fracture Strength: Is the stress at which the material fails. Fracture strength 

is the ability of a material to withstand failure, and it is categorized according 

to the mode of applied stress, such as tensile, compressive, or bending [36]. The 

elongation between the UTS and fracture strength in no uniform and 

accompany by sever decrease in the cross-section. 

 

1.5.2 Hardness 

Hardness describes a substance's resistance to permanent deformation 

such as abrasion, scratching and wear. Such tests are largely nondestructive and 

less time-consuming Today [37]. A variety of hardness tests are used, all of 

which involve pushing a specially dimensioned and loaded item, known as an 

indenter, into the being tested surface. The formed depth or size due to indenter 

penetration are used to determine a material's hardness. Rockwell is the 

hardness test that utilizes the depth of indenter penetration. Vickers, Knoop and 
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Brinell are examples of other tests that use the size of the indenter's impression 

[39]. Pyramid static indentations made with loads smaller than 1 kg are used in 

microhardness tests. The procedure is substantially the same as a standard 

Vickers hardness test is done on a much smaller scale using more precise 

instruments. For the surface being tested, a metallographic finish is normally 

required; the smaller the load used, the higher the surface polish required [40]. 

 

1.5.3 Fatigue  

Fatigue failure of an engineering component happens due to microcracks 

formation and propagation when due to a repetitive or cyclical load. This kind 

of failure is considered catastrophic in engineering applications because it 

happens suddenly and is unpredictable especially when the applied stress is 

stilled much less than the strength of the material obtained from mechanical 

tests. Under cyclic loading cracks initiation and propagation are the two stages 

of fatigue cracking. The graph in Figure 1.7 shows the crack phases through 

the entire fatigue life of a designed component that may be considered as the 

time spent for a crack initiating, propagating and ending with rapid and 

catastrophic fracture. The critical crack length is the required length for rapid 

fracture [41]. 

 

 

 

 

 

 

Figure 1.7: A crack phases through fatigue failure [41]. 

𝐥𝐨𝐠 (
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1.5.4 S-N Curves  

An S-N curve is a logarithmic scales plot for the value of alternating 

stresses versus the number of cycles until failure. The relationship between the 

applied bending stress and the number of cycles is called Basquin's equation 

can be expressed as: 

𝜎𝑓 = 𝐴 𝑁𝑓
𝑏 … … … … … (1.1) 

where σf is the reversed stresses (MPa), A (MPa) and b are fitting coefficients 

related to bending strength in a static condition and Nf is the number of cycles 

until failure. 

Fatigue testing with mild amplitudes is often stopped at 106 to 108 cycles. 

Curve A in Figure 1.8 is a typical S-N curve for a ferrous material. Testing in 

this area takes a long time, and the S-N curves frequently approach a constant 

value called the endurance limit as seen. Endurance limit is expresses as the 

stress below which a component can bear an infinite number of repeated load 

cycles without cracking or failure [42]. The endurance limitations of several 

non-ferrous metals and alloys, such as aluminum, magnesium, and copper, are 

not well characterized as Curve B implies, these materials have a constantly 

declining S-N response. In such instances, a fatigue strength for a specific 

number of cycles must be specified. The stress that produces failure at 1⤬108 

or 5⤬108 loading cycles is commonly used to determine a practical fatigue life 

for certain materials [43]. 

Most fatigue tests use cyclic bending to apply alternate tensile and 

compressive pressures. The mean stress in this scenario is zero. Materials may, 

however, be subjected to cyclic stresses in service, which are superimposed 

over a steady-state focus. This is depicted in Figure 1.9 and the numerous 

terminologies used to define the pressures. The algebraic mean of max and min 

in the cycle is defined as the mean stress [39]: 
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𝜎𝑚 = (
𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛

2
) … … … … … (1.2) 

 

where σm is the mean stress (MPa), σmax is the maximum stress (MPa) and σmin 

is the minimum stress (MPa). 

 

The alternate amplitude, a, is half the cycle's stress range: 

𝜎𝑎 = (𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛) … … … … … (1.3) 

 

The stress range (Δσ) is the algebraic difference between the maximum 

and minimum stress levels : 

 

Δ𝜎 = 2𝜎𝑎 … … … … … (1.4) 

 

Figure 1.8: S-N curves with and without fatigue limits [39]. 
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The important stress ratio (R) which is the maximum to the minimum 

stresses of a fatigue cycle important in determining the kind of loading as below 

[42, 44]: 

𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
… … … … … (1.5) 

R = 1 means the loading is static tensile, 

R= 0 is for tension release. 

R = -1 is corresponds to completely reverse loading. 

 

Figure 1.9: Graphic of stress cycles: (a) reverse stress cycle 

(R=-1), 

 and b) repeated stress cycle (R=0 or R=1) [44, 39]. 

(a) 

(b) 
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1.5.5 Residual Stresses  

Residual stresses are those stresses that remain in the material after removing 

the loads beyond the elastic limit resulting in plastic deformation, thermal 

gradients or other causes [45]. They result in significant plastic deformation, 

leading to undesirable effects such as warping and distortion or increased 

susceptibility to fracture and fatigue of components. Residual stresses caused 

due to many reasons some of they are as a results of manufacturing processes 

such as welding, brazing or heat treatments [46]. Mechanical loading and 

processes also contribute in initiation of residual stresses. Many procedures are 

utilized to reduce the side effect of residual stresses contained within a 

component such as heat treatments or mechanical processing. For example, 

heat treatments after welding of components are important to relieve or 

redistribute the residual stresses. On the other hand, residual stresses are 

sometimes desirable in some applications [47]. LSP process introduces 

beneficial compressive residual stresses on the surface and to a certain depth of 

the body of components. For example, introducing residual stresses to fan 

blades for turbine engines contributes to increasing scratch resistance and 

enhancing the fatigue life through obstructing cracks initiation and halting 

propagation [48]. 

In LSP a pressure pulse is generated by the formation and expansion of 

plasma plume over the surface resulting in extremely high-pressure shock. The 

impact of the shock waves on the target surface causes pure uniaxial 

compression stresses in the impacted volume. A compressive stress field is 

formed in the impacted volume as a result of the response in the zones around 

the shock peening impact, while the underlying layers are in a smaller 

magnitude tensile condition [49]. Figure 1.10 is a graph for experimental results 

demonstrates the effect of LSP on Al 2024-T351 test specimens where residual 

stresses introduced into treated components [50]. Plastic deformation happens 
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as the shock wave travels through the material to the point where the peak stress 

no longer exceeds the material's Hugoniot elastic limit. [87] Hugoniot elastic 

limit is related to dynamic yield strength as follows [51]: 

𝐻𝐸𝐿 =  
(1 − 𝜈)𝜎𝑦

(1 − 2𝜈)
… … … … … (1.6) 

where HEL is Hugoniot Elastic Limit (MPa), 𝜈 is the Poisson’s Ratio, and σy is 

the dynamic yield strength at high strain rates (MPa). 

 

 

 

 

 

 

 

 

 

As previously stated, residual stress distributions are highly influenced by 

laser intensity and pulse repetition. With repeated laser shocks, the amount of 

surface and subsurface residual stresses inside a component grows until a 

saturation threshold is achieved [52]. 

 

1.6 Surface Treatment Techniques 

Surface treatments are broad range of different processes applied to the 

surface of materials for the purpose of adding or enhancement of variety of 

functions such as mechanical properties, appearance, corrosion and wear 

resistance [53]. Surface treatment application can be classified into two types: 

 Figure 1.10 Residual Stress Profiles before and after LSP [50]. 
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thermal or mechanical treatments applied in traditional and nontraditional 

techniques. Figure 1.11 presents a classification for surface treatments utilized 

by laser classified into two main subcategories thermal and mechanical. Laser 

thermal surface treatments involves metallurgical changes for a layer of the 

surface due to sufficient heating or melting by laser [54]. 

 

 

 

 

 

 

 

 

 

 

Mechanical treatments used to reinforce a certain depth of a surface layer 

for the workpiece by achieving local plastic deformation which leads to 

compressive residual stresses. This class involves traditional and nontraditional 

techniques. 

 

1.6.1 Traditional Mechanical Techniques 

1. Shot Peening (SP): SP is a surface improvement process has been used for 

over six decades. Figure 1.12 illustrates a schematic diagram for SP technique 

which utilize small, spherical metal or ceramic balls blasted on a target to peen 

its surface. The plastic deformation causes a low depth of compressive stresses 

on the outside and tensile stress on the inside. Multiple spherical shots create 

overlapping dimples and residual stresses throughout the surface [56]. It is not 

controllable and hence cannot produce uniform residual stress distribution. The 

surface finish is compromised, and therefore it is not suitable for all 

Figure 1.11: Classification of laser surface treatments [55]. 



19 
 

applications. The impact of blasting balls on the surface of a component yields 

a roughened surface. This effect is more pronounced in soft materials. 

Therefore, it may not be the best procedure if a product's surface polish is 

critical [57].  

 

 

 

 

 

 

 

 

 

 

 

 

2. Low plasticity burnishing (LPB): LPB is a surface improvement process 

developed in 1998. LPB procedure entails rolling a high-modulus ball or roller 

across the component's desired surface as shown in Figure 1.13. This technique 

changes the mechanical properties depending on the governing parameters 

[59]. Low-cold working has the same effect on the material as SP; this is a low-

cost option. LPB technique has a simple setup and produces a higher surface 

polish compared to SP [60]. This technique has the advantage of being carried 

out in any numerically controlled environment. The ball finish used in the LPB 

process determines the surface finish attained; the ball is a wear-prone 

component. Similar to SP, contact between the burnishing ball and the surface 

Figure 1.12: Illustration of shot peening and generation of residual stresses [58]. 
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causes elastic and plastic deformation. The LPB technique has the drawback of 

being difficult to apply to curved or complicated shapes [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

1.6.2 Non-traditional Mechanical Techniques 

1. Ultrasonic Impact Peening (UIP): UIP is a work hardening technique that 

uses a hard metal tip of high-frequency and high-velocity impact to plastically 

deform a material in order to produce advantageous compressive residual 

stresses (Figure 1.14). Work hardening creates residual compressive stresses in 

metal surfaces in order to replace remaining tensile stresses [63]. UIP device is 

small and lightweight. Although the residual pressures are greater than those 

caused by SP, the surface more roughened. Because of handheld instruments, 

consistency and flexibility are difficult to achieve [64]. 

 

 

 

Figure 1.13: Low plasticity burnishing process representation [62] 



21 
 

 
 

 

 

 

 

 

 

 

 

2. Water Jet Peening (WJP): WJP technique high pressure water is jetted into 

the water at high speed from a special cavitation-promoting (air bubble) nozzle 

to cause cavitation, and GPa class impact force when bubbles collapse near the 

workpiece produces a peening effect (Figure 1.15). This approach has many 

advantages over other current technologies, including low cost, lake of heat that 

can damage the area, and a spotless surface. WJP process is a physically 

complex procedure that requires additional investigation [66]. 

  

 

 

 

 

 

 

 

Figure 1.14: Schematic diagram of surface micro-structures process using UIP [65]. 
 

Figure 1.15: The schematic diagram of WJP process [67]. 
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3. Laser shock peening (LSP): LSP is a novel non-traditional mechanical 

technique for surface treatment used to improve the fatigue life of components 

under cyclic loading [68]. The process imparts compressive residual stresses 

on and beneath the treated surface of materials that are mechanically caused 

due to a high magnitude of shock waves induced inside in the processed 

material [69]. LSP employs an energetic short pulse laser beam to produce high 

level compressive residual stresses of more than 1 mm in depth which four 

times deeper than standard SP [70-72]. Where the latter has used industry used 

for over a century to improve the surface and fatigue resistance of metallic 

components [73].  

LSP has been widely discussed in researches that show increase the 

resistance to fatigue failures, stress corrosion cracking and wear resistance of 

metals [74]. As shown in Figure 1.16, LSP process can be accomplished by 

ablation of a sacrificing layer overlaid on the treated metal by Q-switched short 

pulses of laser radiation of peak intensity greater than 1-10 GW/cm2 [75-77]. 

Due to ablation, the expanded high-pressure plume exerts stresses on the metal 

surface. When the induced stresses exceed the yield stress of the metal, plastic 

deformation occurs and a hard surface layer is formed that can effectively resist 

crack initiation, spreading and propagation [78]. The improvement in the 

performance of the treated metal is related to the formation of residual stresses 

created by plastic deformations [79]. The optimal LSP process is characterized 

by plastic deformation which mitigates surface tensile stresses and introduces 

preferable beneficial compressive residual stresses [80]. 

When the peak stress of the shock wave is greater than the material's yield 

strength, plastic deformation occurs [81]. As the shock wave penetrates further 

into the fabric, deformation occurs until the peak stress value of the shock wave 

diminish below the material's yield strength [82].  
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Localized plastic deformation induces strain hardening and residual 

compressive stress at and below the surface of the laser peened component. 

[83]. It may be necessary to repeat the number passes with laser from 2 to 4 

over the same region in order to replace the opaque layer in that area [84]. 

However, this repetition may have no effect on the component's residual stress 

levels [85]. However, this repetition has little effect on the component's residual 

stress levels [86]. LSP intensity can be regulated and monitored, allowing the 

process to be adapted to specific service, manufacturing, and geometrical needs 

[87]. Several materials have been successfully peened, demonstrating the 

efficiency of LSP and the resulting residual stresses. Materials laser peened 

include various steel grades, titanium alloys, copper alloys, aluminum alloys, 

zinc alloys, brass, magnesium alloys, nickel-based alloys, super alloys, bulk 

metallic glass, and other materials. [88]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: A Schematic diagram of laser peening process setup [85]. 

Coating layer  
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1.7 LSP versus Conventional SP 

LSP consistently outperforms SP when it is associated with introducing 

beneficial compressive residual stresses comes in order to enhance the material 

properties. Table 1.3 lists a comparison between the nontraditional LSP versus 

the traditional technique SP. 

 

 

Table 1.3: A comparison between LSP and SP processes [41,89] 

LSP SP 

LSP is said to be preferable for thin 

parts. 

Because of the risk of damage from SP, 

it is not viable to utilize it on thin parts. 

In general, LSP produces fewer rough 

surfaces compared with Sp.  

SP, in particular, creates a rough surface 

with significant increases in mean and 

peak roughness. This is good for paint 

adhesion, but it hurts the wear and 

fatigue resistance. 

LSP induced stresses can range in depth 

from 0.5mm to over 1mm. 

In mild metals such as aluminum alloys, 

the SP depth is usually less than 0.25 

mm, and in tougher metals, it is less than 

0.25 mm. 

In LSP there are minor surface stress 

gradients, which considered an 

advantage because it is essential in 

minimizing or eliminating cyclic stress 

relaxation. 

Since the relaxation is associated with 

dislocation movement, it is then 

correlated to the plastic strain. Example 

plastic strain in LSP is 106 and SP is 104 

(s -1).  

The magnitude of compressive stress at the surface (or just below the surface): 

nearly the same in LP or SP, about 60% of the elastic limit. 

In some grades of Al alloys, LSP 

provides about 22% increase in fatigue 

strength compared with untreated 

metals.  

In some grades of Al alloys, SP provides 

about 11% increase in fatigue strength 

compared with untreated metals. 

The duration for inducing peak pressure in is 10 - 20 times longer than in the case 

of SP. 

The LSP treatment, residual stresses 

tend to relax more slowly than SP. 

The significant disadvantage is the 

contact between the blasting ball and the 

surface causes residual stresses, which 

tend to release fast after repeated 

loading.  
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Figure 1.17 illustrates the most significant characteristics that make LSP 

more preferable in applications than traditional SP. LSP are characterized by 

more treatment depth where the residual stresses induced, significant better 

enhancement of fatigue life, precision when processing local areas and stability 

of peened areas at high temperatures.  

 

 

 

 

 

 

 

 

Figure 1.18 shows an experimental comparison for the induced residual 

stresses caused by LSP in Inconel 718 alloy processed with SP and LSP 

processes. It is clear the residual stresses are much higher in LSP than in 

ordinary SP. Table 1.4 shows a comparison between the loading conditions of 

both processes [90]. 

 

 

 

 

 

 

Figure 1.18: Residual stresses in the surface of Inconel 718 induced by laser 

peening and conventional shot peening [41]. 

Figure 1.17: Why LSP is more preferable than SP [6]. 

R
es

id
u

a
l 

st
re

ss
es

  

Depth 

 



26 
 

 

 

 

 

 

 

1.8 Advantages and Disadvantages of LSP 

LSP offers a reliable solution that is unrivaled by current technology. In a 

wide range of ferrous and non-ferrous metals such as steel and stainless-steel 

alloys, aluminum alloys, titanium alloys and soft alloys LSP has enhanced 

fatigue strength. The brief laser pulse offers accuracy, depth, and power to high-

fatigue regions of components. The following are the benefits and drawbacks 

of the LP method: 

1. Advantages of LSP 

- When residual stresses are treated with LSP, they tend to release more slowly, 

which improves fatigue characteristics [41]. 

- There is no physical instrument used in the LSP procedure to produce residual 

stress. 

- Because a laser is a light beam that may reach any complex position within a 

complicated designed equipment, LSP's adaptability to difficult geometries is 

a unique benefit. 

- LSP is a unique repeatable and controllable procedure. 

 

 

Table 1.4: Comparative loading conditions induced by LSP and SP [41]. 
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2- Disadvantages of LSP 

- LSP produces non-uniform residual stress across the laser point, despite being 

a controlled process. The metallurgical qualities of the peened component 

determine this non-uniformity. 

- The cost of LSP is rather costly; but, as laser technology progresses, the cost 

should reduce. 

 

1.9 Process Parameters and Quality 

         The purpose of LSP is to create compressive residual stresses in 

components. The quality of the process is highly correlated with the control of 

the process parameters and the amount and condition of released energy by the 

laser. In addition, the nature of the interaction between the energetic pulse laser 

beam and the treated surface are the two critical criteria that affect the process 

[85].  

1.9.1 Transparent and Absorbent Coating Layers 

The transparent overlay layer is utilized as a pressure confining barrier 

benefit in keeping the built pressure at its generated value. Many types of 

substances, that considered transparent to the applied laser beam, are utilized 

for the process like water, glass, fused quartz, and acrylic [91]. This restricting 

overlay captures the quick increase of plasma on the metal surface, causing 

plasma pressure to climb significantly higher than in the absence of the layer. 

A term called the impedance effect can be defined as the resistance of a material 

against ultra-acoustic waves passing through it. The impedance effect depends 

the confining medium type, density and acoustic velocity [92]. Higher 

impedance effect of a matter, which measured in kg/m2s, requires more laser 

intensity to produce higher shockwave transmitted through fabric. Water is 

more in use since it is relatively inexpensive and eliminates any heat generated 
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by the laser peening process [93]. The absence of a transparent overlay layer, 

cause the induced plasma formed by vaporizing of the opaque coating extends 

freely from the component's solid surface. As a result, the generated pressure 

shockwave will be insufficient to produce compressive residual stresses in part 

being treated [74]. For example, a Hadfield steel specimen showed weak results 

when peened without a transparent overlay [94].  

 The absorbent sacrificial layer employed on the component being treated 

affects the mechanical consequences of the laser-caused shock waves in a 

metallic element [95]. When a sufficiently intense laser pulse irradiates a 

metallic target coated with an absorptive layer, vaporization takes place and a 

plasma created [96]. The hydrodynamic expansion of heated plasma in the 

confined zone between the metal target and the transparent overlay produces a 

high-amplitude, short-duration pressure pulse [97]. The treated metal absorbs a 

portion of this energy as a shock wave. When the shock wave's pressure 

exceeds the metal's dynamic yield strength, plastic deformation occurs, altering 

the treated metal's near-surface microstructure and characteristics [98]. The 

thermal effect occurs only in the coating layer if the metal surface is coated 

with an absorbent protective layer such as organic paints (black paint), black 

tape, adhesives, metallic foils (aluminum foil). In addition to increase the 

intensity of the generated shockwave the important function of absorbent 

sacrificial layer is to protect the treated surface from laser ablation or melting 

[99]. 

When LSP applied without a sacrificial layer, the surrounding material 

compressively plasticizes the heated zone created by the laser's thermal effect 

during dilatation [100]. After cooling, tensile stresses and strain may arise. 

Excessive surface roughening is also induced [101]. Tensile residual stresses 

imposed into the treated component without an absorptive layer is comparable 

to that caused with an absorptive coating at very depths [102]. This does not 
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utilize a porous layer, while the laser energy intensity regulates LSP and 

thermal side effects such as ablation or local melting. This can be observed in 

Figure 1.19 based on tests conducted by Peyre et al. [103] on 55Cl steel test 

samples with various coatings. The coated specimens showed highest 

compressive stresses, whereas those without absorbent layer recorded the 

highest tensile stresses. The latter could be attributable to the LSP process's 

laser ablation effect [104]. 

1.9.2 The Process Parameters of LSP 

The most important parameter in LSP is the power density (intensity) 

which related with the laser spot size and accessible power [105]: 

𝐼 =
𝑃

𝜋𝜔2
… … … . . (1.7) 

where I is the power density (GW/cm2), P is the peak power (GW) and ω is the 

spot size (cm). 

 The most common laser spot shape is round, some studies demonstrated 

that a square-shaped laser beam with enhanced characteristics can be used 

[106]. The residual stresses at the spot's center can be unstable when using 

circular spot shapes. The spot size of the laser in practice ranges from 6 to 10 

mm, but it can be adjusted because it is only limited by the selected intensity. 

Residual stresses are produced significantly deeper beneath the surface of a 

treated material with larger spot sizes than with smaller ones [41].  

In addition to the laser intensity Figure 1.20 illustrates a number of process 

parameters that are considered in any application of laser material processing. 

The parameter pulse duration (τ) which is the time measured across one pulse 

life at full width half maximum (FWHM) is considered an important factor in 

determining the regime of interaction between laser and the material. The pulse 

repetition rate is the reciprocal of the time between two identical points for two 

sequential pulses called pulse repetition time : 
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𝜏 =
1

𝑃𝑅𝑅
… … … … (1.8)    

where PRR pulse repetition rate (Hz), and PRT is the pulse repetition time (s).  

The pulse energy is the optical energy content in one pulse. The pulse 

energy equals the shaded area, which is equivalent to the area covered by 

diagonal hash marks in the figure [105]. 

𝐸 = 𝑃𝑝. 𝜏 =
𝑃𝑎𝑣

𝑃𝑅𝑅
… … … … (1.9)    

where E is the pulse energy (J), Pp is the peak power (W) of the pulse and Pav 

is the average power (W).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19: Laser Pulse Parameters [105]. 
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1.9.3 LSP Calculations 

LSP process parameters must be adjusted to yield laser intensity sufficient 

to produce the required induced pressure to cause plastic deformation[107]: 

𝐼 =
𝑃𝑎𝑣

𝜋 𝜔2𝜏 𝑃𝑅𝑅 
                     (1.10) 

where I is the laser intensity (W/cm2), Pav is the average laser power (W) and τ 

is the pulse duration (ns).  

Introducing compressive residual stresses on the metal to a certain depth 

imposes the achievment of sufficient induced pressure capable to deform the 

metal beyond the doubled value of elastic limit stress. The induced pressure can 

be estimated according to the hypothesized empirical equation by Fabro et al.: 

 𝑝 = 0.25 √𝐼 M A Z                        (1.11) 

where P is the induced pressure (Mpa), A is the absorption coifficent for the 

black pain, M is the transmission coefficent of water layer and Z is the reduced 

shock impedance between the metal and the transmission overlay (kg/m2.s). 

The laser intensity value should range between two lower and upper limits. 

According to the above condition and Equation 1, the minimum required laser 

intensity (Imin) to result in effective plastic deformation is expressed as below:  

𝐼𝑚𝑖𝑛 =
64 σ𝐷𝑦

2

𝑀𝐴𝑍
                    (1.12) 

where σDy is the elastic limit stress (N/m2). 

In LSP many things should be avoided such as excessive deformation, 

surface ablation and plasma shielding which inhibits laser pulses from the 

surface of the specimen. This requires the induced pressure should be less than 

the double of the dynamic ultimate tensile strength (UTS) value of the metal 

(σDU) and, accordingly, the maximum value of laser intensity (Imax) is as follows 

[17]: 

𝐼𝑚𝑎𝑥 =
64 σ𝐷𝑈

2

𝑀𝐴𝑍
               (1.13) 
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According to the above considerations, the calculated useable laser 

intensity to apply LSP for Al 6061-T6 was deduced to be within the range as 

below: 

Imax =1.8 GW/cm2 > I > Imin = 3.8 GW/cm2 

The percentage of overlap between sequential pulses and the number of 

accumulated pulses per spot of the laser beam are the most operating 

parameters that are related to the v has effect in LSP [108]: 

𝑂𝑉 (%) = 1 −
𝑣

2𝜔 𝑃𝑅𝑅
⤬ 100 … … … … … (1.14) 

𝑁 (
𝑝𝑢𝑙𝑠𝑒

𝑠𝑝𝑜𝑡
) =

1

(1 − 𝑂𝑉)
 … … … … … ..   (1.15) 

where 𝜈 scanning speed (mm/s). 

 

1.10 Applications of LSP  

In aviation and power generation industries, among other parts LSP is 

used to treat the roots of turbine blades, fans, compressors, engine parts, 

fastener holes and fasteners, brakes, welded aircraft parts, and wheels. Also, it 

is utilized to increase orthopedic implants' fatigue performance in the medical 

field. It is benefit in the treatment engine parts, gears, transmission axles, and 

other components in automotive industry. It is used to treat drill bits and other 

machine tool components in the tooling business. 

Beyond improved wear resistance and fatigue life, LSP has shown to be 

an adequate procedure in a variety of performance-related applications: 

1- At higher temperature ranges, compressive residual stresses are retained. 

2- Crack growth rates (da/dN) are being reduced. 

3- Increasing the longevity of welded components. 

4- Damage resistance to fretting has been improved. 
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5- Increased resistance to galling. 

6- Increased resistance to spallation. 

7- Increased resistance to stress corrosion [109-111]. 

 

1.11 Experimentation Techniques 

1.11.1 One Factor at A Time Technique 

One factor at a time (OFAT) method is the oldest experimentation 

technique that still frequently in use [112]. It could be inefficient and unreliable 

resulting in false ideal circumstances. Furthermore, it may involve a great deal 

of trial and error, relying on luck, intuition, judgment, and experience to 

succeed [113]. On the other hand, this technique does not necessitate advanced 

statistical understanding, data analysis and processing [114]. When it comes to 

conducting experiments, many organizations still choose this method to 

identify the significant factor of a process. . In a sequential procedure, in OFAT 

method the impact of each factor on the response is discovered by altering it 

while keeping the other factors constant. In such method, the number of 

experiments to be conducted can be decided without an idea about the nature 

of interactions among the factors. OFAT is a low precision process 

accompanied with chances of false and misleading. Like the Domino effect, if 

one experiment goes wrong resulting in Inconclusiveness results. In such 

technique is that if the factors interact, that is, if the influence of one element is 

dependent on the setting of another, the ideal locations will be missed (s) [5]. 

This implies that there is a connection. It denotes the existence of a link between 

the independent variables. For example: assuming Z is the event of stirring a 

cup of coffee and Y is adding sugar to a cup of coffee. The influence of these 

elements on the sweetness of the coffee is proportional to their levels. Neither 

piece affects its own, but they produce a sweet coffee when combined factors 

Z and Y interact with one another. This interaction is calculable. When fertilizer 
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and water are mixed, another form of interaction occurs. The combined effects 

are more significant than the sum of the individual products. Because there is 

no information, the interaction between components cannot be predicted using 

the OFAT approach, which might lead to the process's optimal conditions being 

misled [113]. 

1.11.2 Design of Experiments (DOE) 

Design of experiments (DOE) is a method for planning, carrying out, 

analyzing and interpreting experiments in a systematic way. DOE employs 

statistical tools to analysis the effect of input variables and their interactions on 

a response or group of responses. This approach decreases the number of 

experiments required to develop an experimental model that can be used to 

investigate the effect of process factors and their interactions on the response 

[115, 116]. Manipulating of input variables at the same time is possible with 

DOE to identify the important interactions that may be not observed when 

applying experiments with one factor at a time method [117].  

Response Surface Methodology (RSM) is a collection of mathematical 

and statistical methodologies for modeling and evaluating problems in which a 

response of interest is influenced by a variety of variables, with the goal of 

improving and optimizing the response [118]. RSM technique strategy is to 

investigate the space of process or independent variables (x1, x2, x3, …etc.) 

and use empirical statistical modeling to establish an approximation 

relationship between response and process variables [119].  The objective is to 

search for the optimum set of process variables that produce the best response 

(y) values (Figure 1.22). 
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If the relationship between y and x's is not discovered, the response 

function's approximation y = f (x1, x2,…,xq) + e  using RSM will be useful. 

Variables x1 and x2 are independent variables that influence the response y. 

The response y is a function of the process variables (x1, and x2) and the 

experimental error (e). Two important goals of RSM; the former is to find the 

optimum dependent variable (response) and the latter is to understand the 

direction of response changes by adjusting the design through manipulating one 

or more variables [120, 121]. 

1.11.3 Box-Behnken Design (BBD)  

Box–Behnken design (BBD) is an experimental technique for RSM 

developed for modeling of the response surface through a smaller number of 

runs than the normal factorial design [122]. As shown in Figure 1.23, BBD 

utilizes twelve middle edge nodes and three center nodes to fit a 2nd order 

equation [123]. Conducting experiments requires placing each input factors (or 

independent variable) in three levels which means at three equally spaced 

values. In this way a quadratic model is well fitted including both the square 

effects and the effect of interaction between input factors [124]. 

 

Figure 1.20: Response surface plot (y = f (x1, x2) + e) [119].  
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1.12 Literature Survey 

A number of studies published recently revealed different researches 

concerned with LSP applied for different materials and conditions using an 

appropriate and intensive laser beam with a suitable setup. Nie et al. (2014) 

Investigated the influence of LSP on the high cycle fatigue parameters of the 

TC6 titanium alloy and connected discovered that the microstructure 

distribution to the LSP-induced fatigue improvement. Their findings showed 

that LSP-treated refined grains prevented fatigue crack initiation on the surface, 

while high-density dislocations prevented fracture propagation in the 

subsurface.  May conclude that the LSP-induced CRS and microstructure are 

responsible for fatigue improvement [125].  

Ren et al. (2015) examined the distribution of microstructure in an LSP-

treated AZ91D magnesium alloy. The findings showed that nano-crystallines 

developed on the top surface. High-density dislocation structures such as 

tangles and cells formed on the subsurface, while high-density dislocation 

Figure 1.21: Box–Behnken design [122]. 
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tangles and partial twins formed adjacent to the matrix. Several earlier 

investigations have found that mechanical factors influence the gradient 

microstructure [126].  

Lu et al. (2017) examined the microstructure response of titanium and 

aluminum treated with LSP .The LSP-induced twins and dislocations 

significantly reduced with increasing depth in pure titanium. The LSP-treated 

microstructure in the LY2 aluminum alloy was split into severe plastic 

deformation (SPD) areas, mild plastic deformation (MPD) sites, and substrates. 

There were a lot of dislocation walls and tangles in the SPD layer, but just 

dislocation lines in the MPD layer [127].  

Marco Pavan (2017) applied LSP to middle crack tension specimens 

M(T), which are mostly typical of aircraft wing bottom coverings. Because 

these structural components are primarily intended to meet fatigue standards, 

increasing their fatigue and damage tolerance performance might result in 

lower maintenance or weight savings. LSP enhanced the fatigue life of 

unpeeled samples by up to fourfold, and a completely compressive residual 

stress profile was produced across the thickness along the crack opening 

direction [128].  

J.T. Wang et al. (2017) investigated the effect of intense LSP on the 

microstructure and high-temperature fatigue characteristics of Al 7075 alloy at 

various elevated temperatures. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) were used to characterize the treated 

material's microstructure. At 150 °C, the sample showed a 110% increase in 

fatigue performance under high-temperature working circumstances. SEM 

imaging was used to detect grain refinement, work hardening, and precipitates. 

Significant changes in surface morphology were investigated after LSP in three 

phases of high-temperature fatigue. The findings indicated that a dense 

dislocation structure with large compressive residual stresses was formed, 

which improved fatigue performance at high temperatures [129].  
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Hao Wang et al. (2017) studied the effect of LSP on abrasion resistance 

in artificial seawater and corrosion resistance in a 3.5% NaCl solution for 

Al7075 alloy. The result shows when specimens were treated once and twice 

with an intensity of 7.17 GW/cm2, the abrasion loss reduced by 43.75% and 

46.09% compared to untreated. In addition, the corrosion rate is reduced by 

50.32% [130]. 

 Booba N. Aravamudhan (2018) This study is an investigation for LSP 

as a mitigation technique to improve corrosion and stress corrosion cracking 

resistance of Al 7075 - T6 alloy. LSP leads to a 14% increase in yield strength 

of the alloy, which contributes to the improvement in stress corrosion cracking 

resistance of the material in the sodium chloride environment. The increase in 

yield strength and corrosion resistance, along with microstructural changes 

induced by LSP, could have a combined effect in improving the SCC 

resistance. Thus, LSP is effective in improving the corrosion and stress 

corrosion cracking resistance of Al 7075 alloy [131].  

Peng Liu et al. (2018) apply LSP to treat the weld surface of friction stir 

welded joints of Al 7050-T7451 alloys. The average hardness increased to 9 

HV. The fatigue life after applying the process increased by 30%, 27%, and 5% 

when the loading stresses are 200MPa, 250MPa, and 300MPa respectively. The 

residual stresses in weld nugget zone, thermo mechanically affected zone 

(TMAZ) and heat affected zone (HAZ) shows significant value of 100 MPa 

after the process [132].  

J.T. Wang et al. (2018) studies the impacts of LSP treatment on the creep 

characteristics and microstructural development of the Al7075 alloy's surface. 

The findings showed that LSP increased steady-stage creep life by 97% at 350 

MPa/200°C, 307% at 350 MPa/200°C, and 120% at 300 MPa/200°C. TEM 

observation was used to investigate the mechanism for enhanced creep qualities 

of the alloy. The results show a significant improve the creep resistance of 7075 

aluminum at high temperatures and operating stresses [133].  
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Chen et al.(2018) Examined LSP-induced grain refinement and the LSP-

induced grain refinement was ascribed. Dislocation transitions or dynamic 

recrystallization are examples of grain refining. Their findings revealed a 

substantial number of dislocations. LSP generates dislocation cells, which are 

then converted. With increased deformation, dislocation of walls, and subgrains 

Because of dislocation-induced lattice flaws, large compressive residual The 

CRS is formed at and around the LSP-treated surface [134].  

Gaurav Vilas Inamke (2019) This study is concerned with investigating 

the effects of warm laser shock peening (LSP) on the enhancement of 

mechanical performance of laser welded joints of AA6061-T6 and TZM alloy 

LSP demonstrated an enhancement in strength by about 30%. Lap welds 

showed an increase in joint force by 22% [135].  

Junsu Park et al. (2019) experimentally studied the effect of LSP on the 

friction properties of JIS-AC8A aluminum-silicon alloy that used in pistons 

material for automobile engines. An Nd: YAG laser (wavelength=532 nm, 

pulse width=8 ns) was used to perform LSP with a laser intensity of 4 GW/cm2, 

an overlapping ratio of 50%, and a spot diameter of 2.06 mm with no protective 

coating. Surface hardness rose by 22% after LSP, and compressive residual 

stress was significantly improved [136]. 

 Binod Dhakal et al. (2020) used LSP to investigate the mechanical 

properties and microstructural development of Al 6061-T6 alloy utilizing a 

variety of characterization methods. Residual stress analysis, surface 

roughness, Vickers microhardness, tensile testing, X-ray diffraction (XRD), 

transmission electron microscopy (TEM), and electron back-scattered 

diffraction are some of the techniques used (EBSD). With a considerable 

increase in cross-sectional microhardness of up to 33.04 percent, a work 

hardened layer of ∼1500 μm depth is achieved. In laser peened specimens, a 

beneficial compressive residual stress of up to -273 MPa was created, with the 

total effect depth of around 100 μm along the effective depth zone [137]. 
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Xian-kai Meng et al. (2020) utilized a nanosecond laser to enhance the 

strength Al 2024-T351 alloy. As a consequence, the treated alloy's 

microstructure, residual stress, nano hardness, and surface roughness data 

revealed refined grains in the peened surface. The residual pressure measured 

by LSP was 141 MPa, with a nano hardness of 3.1 GPa. They discovered that 

increasing grain boundaries resulted in a decreased rate of fracture start and a 

longer life. The crack growth rate was slowed and the crack growth life was 

extended due to the compressive residual stress. As a result, laser shock peening 

extends overall vibration fatigue life by 63.5 percent [138]. 

Ahmed R. Alhamaoy et al. (2020) experimentally investigate the effect 

of applying LSP on the fatigue performance for Al 6061-T6 alloy rotary shafts 

using Q-switched pulsed Nd:YAG laser. The effect of two pulse energies as 

operating parameters 500 mJ and 600 mJ were employed in this investigation. 

The other parameters are pulse duration of 12 nanoseconds, and the pulse 

repetition rate of 10 Hz. For the cyclic fatigue test, LSP is applied at the waist 

of prepared Al shafts. The results reveal that providing 500 mJ pulse energy 

has a considerable effect on increasing the needed number of cycles to fracture 

the shaft through fatigue failure, hence boosting fatigue strength. Furthermore, 

raising the pulse energy from 500 mJ to 600 mJ has a considerable influence 

on developing a semi-endurance limit for the samples [139].  

 

1.13 The Aim of the Work 

The objective of the current project is to investigate the effect of LSP at 

different levels of some working parameters on the fatigue life for the Al 6061-

T6 thin plates. The investigation is carried out with two experimentation 

techniques the OFAT and DOE based on BBD. Unlike most previous works in 

that field, the process was applied with a small spot size ranging from 0.02-

0.04 mm, high repetition rate and high scanning speed reaching to 500 mm/s. 
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2.1 Introduction  

his chapter addresses materials, their preparation, specimen's 

configuration, equipment and processing steps for achieving LSP process 

on thin sheets of Al 6061T6 in order to enhance their performance under cyclic 

loading. The procedures utilized throughout the experimentation are described 

in depth in the current chapter. The sequential processes for the experimental 

part is revealed in Section 2.2. The utilized metal and its chemical analysis are 

presented in section 2.3. Section 2.4 describes preparation of specimens for the 

mechanical tests. The characteristics of the laser system is defined in section 

2.5. LSP process parameters and employed LSP process are identified in 

Section 2.6 and 2.7 respectively. The utilized experimentation techniques in the 

current study OFAT and BBD are illustrated in section 2.8. The experimental 

imaging techniques for specimens before after treatment with LSP are 

presented in Section 2.9. Finally, Section 2.10 and 2.11 demonstrate the X-Ray 

diffraction analysis and its related calculations which is the basis for the 

calculations of the induced residual stresses in the specimens after treatments 

with LSP.  

 

2.2 The Experimental Part Steps  

This section provides a summary of the steps that are attempted and used 

in pursuing scientific research. The experimental phase passes through the 

following procedures: 

1. Selection and preparation of the metal.  

2. Analysis of the chemical composition for the metal. 

3. Preparation of the specimens for the tensile tests. 

4. Extract the mechanical properties from the tensile test. 

5. Preparation of the specimens for the fatigue tests. 

6. Building LSP process setup and apply experiments. 

T 
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7. Fatigue test for the untreated and treated specimens. 

8. SEM and EDS for different specimens as well as untreated ones. 

9. XRD test for the untreated and treated specimens. 

10. Calculation of Induced residual stresses. 

Many fundamental procedures are essential to realize LSP. Figure 2.1 

represents a flowchart for the sequence of achieving the process starting from 

materials selection ending with specimens production and testing. Also, the 

flowchart presents the employed systems in this project.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metal Selection 

Metal Cutting 

Specimen’s Preparation 

for tests 

 

Specimens Cleaning & Drying 

Coating working area 

painting 

Setup Initiation 

LSP Process 

(Specimens 

Production) 

Laser System Automation 

System 

Specimens Testing 

Tensile, Micro hadness 

and fatigue test 

SEM imaging, XRD, 

EDS and  microscope 

imaging 

Figure 2.1: A flowchart for the experimental steps. 
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2.3 Metal Selection and Chemical Composition 

Aluminum alloy 6061-T6 was selected in the current study due to their 

common use soft metal after steel in wire range of engineering and structural 

applications. In addition, one of their strengthen mechanism is the cold working 

and this can be accomplished through LSP. Table 2.1 shows the chemical 

composition for the employed alloy conducted in Baghdad laboratory of the 

General Company for Engineering Examination and Qualification (SIER).  

 

 

2.4 Preparation of Specimens   

Raw thin plates of Al6061-T6 were prepared in order to produce the 

required number of specimens for the mechanical tests of the current project.  

2.4.1 Tensile Specimens, Production and Test 

The tensile specimens were cut and prepared for the tensile test in order 

to extract the mechanical properties of the employed alloy. The specimen axis 

was chosen to be aligned with the material rolling direction, forging grain 

model. The profile and dimensions of specimens are according to the standard 

test methods for tension testing of metallic materials ASTM E8 as shown in 

Figure 2.2 [141]. The tensile test was performed under plane stress conditions 

at a speed of 2 mm/min using a 100 kN Universal Testing Machine type Tinius 

Table 2.1: The Chemical Composition of Employed Aluminum 6061-T6 Alloy. 

Si % Fe % Cu % Mn % Mg % Cr % Zn % Ti % P % Pb % Al % 

0.677 0.548 0.236 0.131 0.844 0.179 0.0046 0.0787 0.0012 0.0094 97.2 

Table 2.2: Chemical compositions of Aluminum 6061-T6 Alloy standards according 

to ASTM [140] 

Si % Fe % Cu % Mn % Mg % Cr % Zn % % Other  
 

Al % 

0.4-0.8 

 
≤ 0.7 

 

0.15-0.4 ≤ 0.15 

 

0.8-1.2 

 
0.04-0.35 

 
≤ 0.25 

 
≤ 0.15 

 
Reminder 
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Olsen-H100kU\USA (Figure 2.3). The water jet technique was used for 

specimens cutting the sheet metal into the determined shape to the required 

number of tensile specimens test. Table 2.3, tabulates the extracted mechanical 

properties from the performed tensile test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3: Tensile test results of Al 6061-T6 alloy. 

Property 
Yield Stress, 

(MPa) 

Ultimate     

Stress, 

(MPa) 

Elongation% 

Modulus of 

elasticity, E 

(GPa) 

Passion 

ratio 

Experimental 

data 
277.6 319.8 11% 69.8 0.3 

Figure 2.3: a) Universal Testing Machine type Tinius Olsen-H100kU/USA, 

                          b) A fractured specimen at the end of tensile test. 

                          c) A fractured tensile specimen. 

(a) 

(b) 

Fractured 

specimen 

(c

) 

Figure 2.2: Geometry of a tensile specimen according to ASTM E8 [142]. 

all dimensions are in mm 
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2.4.2 Fatigue Specimens, Production and Test 

The fatigue test specimens were cut and prepared to evaluate the fatigue 

life of specimens under cyclic loading. Like tensile test specimens, water jet 

technique was used to cut the fatigue specimens in a profile and dimensions 

according to the requirements of the manual of the fatigue test device shown in 

Figure 2.4 and Figure 2.5a. A number operations are considered essential for 

preparation of specimens. Grind the specimen's faces and sides with grinding 

papers (silicon carbide). Polishing faces and sides of specimens in order to 

remove any possible scratches and flaws by using a polishing alumina powder 

tool. Then, the specimens washed with water and soap before the step of 

cleaning with alcohol to prepare working areas for painting. Finally, cleaning 

the sample with a soft silky fabric until it has a high surface gloss (Figure 2.5b). 

The working area where the LSP applied at this part of specimen is coated with 

black paint to a thickness of 140 μm to work a sacrificing ablation layer during 

LSP process as seen in Figure 2.5c. 

The Fatigue test was carried out at the Department of Materials 

Engineering/Al-Mustansiriyah University, Baghdad using the fatigue test 

machine type HI-TECH HSM20\ England illustrated in Figure 2.6a. The 

specimen is attached to the fatigue-controlled stress device as a cantilever 

which fixed in one end and free at the other. By applying a bending constant 

load at the free end of the specimen, the device impart a continuous stress and 

deflection to the end the specimen life Figure 2.6b. The deflection is measured 

by a dial gauge fixed on a stand as shown Figure 2.6c. Appendix A presents the 

procedures for determining the value of applied bending stress.   The test was 

conducted at room temperature with zero mean tension (R=-1) and frequency 

is 25Hz. The produced groups of specimens are classified according the 

employed set of process parameters of LSP. Each set was subjected to six 

fatigue tests of different applied stresses 263, 235, 222, 217, 210 and 205 MPa. 
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 Figure 2.4: Fatigue test specimen final dimensions and state. 

 

Fixed end 

Working area 

Dia. 4 mm 
1

0
 m

m
 

20 mm 

100 mm 

45 mm 

Free end 

Figure 2.5: Steps of specimen's preparation for the fatigue test: a) after cutting 

with water, b) after polishing process and c) after coating the working area 

with black paint. 

(b) 

(c) 

(a) 
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2.5 Fiber Laser System   

A Q-Switched nanosecond pulse fiber laser type RFL-P (China) 

characterized by its high peak power, high pulse energy value and variable spot 

size was utilized in applying LSP process (Figure 2.7). It characterized by the 

stable performance and low-cost operation. The specification of this laser 

makes it suitable for some applications such as precise marking, engraving of 

graphics for different types of non-ferrous like aluminum, copper, silver and 

gold as well as stainless steel materials. Table 2.3 tabulates the important 

characteristics of the employed fiber laser. The laser beam is automated through 

Figure 2.6: Bending- alternating fatigue device HSM20. 

(b) (a) 

(c) 

Specimen  

Specimen  
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two Galvano mirrors facilities the laser spot to scan the x-y plane of the 

specimen's with a high speed reaches to 2000 mm/s.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 LSP Process Parameters 

A number of employed parameters were employed in the process namely 

the pulse repetition rate (PRR), spot size (ω) and scanning speed (v). A number 

of pilot experiments were carried out before determination the requested 

Table 2.4: Employed fiber laser characteristics. 

No. Characteristics Unit Value 

1 Average power (Pav) W 100 

2 Spot size (ω) μm 10 - 3000  

3 Pulse Width (τ) ns 81 

4 Operating Voltage (V) V 24 

5 Pulse repetition rate (PRR) kHz 10 - 100 

6 Wavelength (λ) nm 1064± 4 

Figure 2.7: Q-switched nanosecond fiber laser type RFL-P (China). 
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experiment range based on the criteria of avoiding specimens surface ablation. 

Table 2.4 presents the minimum and maximum range of each parameter.  

 The laser spot scans the working area (Figure 2.8a) on a 2D plane through 

Galvano mirrors with variable speeds ranging from 200 to 500 mm/s. To 

achieve a degree of homogeny in the applied induced pressure density on the 

metal surface, scanning the working area was conducted with an overlap ratio 

between sequential pulses. This overlap is of variable value along the scanning 

speed vector (x-axis) axis and constant equals 10% between two adjacent paths 

(y-axis) as seen in Figure 2.8b.  

 

 

 

 

 

 

 

 

 

 

 

 

2.7 LSP Process  

As mentioned before LSP process requires the presence of two layers, the 

ablative sacrificing layer which cover the treated area and the confining layer 

of water above the first layer to maintain the induced pressure in the interaction 

zone. The sacrificing layer was created on both sides of each specimen by 

Table 2.5: Process Parameters ranges. 

Parameter Ranges 

PRR (kHz) 20.00 25.00 

ω (mm) 0.02 0.04 

v (mm/s) 200.00 500.00 

Scanning speed 

vector 
 

Figure 2.8: a) The fiber laser spot diameter, b) The scanning 

pattern and pulses overlap. 

 

(a) (b) 
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spraying the working area with a fixed thickness of 140 μm black paint. The 

water layer was established by immersing sample in water at a depth of around 

2-3 mm beneath the liquid surface. The laser beam transmits through the water 

and focused on the ablative layer via a focusing lens of 100 mm focal length to 

produce a plasma plume and protect the metal surface from possible ablation 

thermal effects. By the water layer, the built plasma pressure intensifies and 

significantly reduces the increase in temperature that may occur. Figure 2.9a 

illustrates a schematic diagram for the built setup of the current study. All the 

describe components of the process were placed inside an aluminum pane 

fabricated for that purpose as shown in Figure 2.9b. 
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Figure 2.9:  a) A schematic diagram of LSP process, b) 

The experimental setup. 
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2.8 Experimentation Techniques  

2.8.1 One factor at a time (OFAT)  

OFAT method is still in use and does not necessitate an advanced 

statistical understanding of data analysis and execution. LSP experiments were 

applied according to OFAT method to investigate the effect of process 

parameters on fatigue life until failure which expressed by the number of cycles 

(noc). The process parameters and their ranges are as follows: the pulse 

repetition rate (PRR) 20 kHz to 25 kHz, spot size (ω) 0.02 mm to 0.04 mm and 

scanning speed (v) 200 mm/s to 500 mm/s. With OFAT experiments the 

produced specimens were grouped to different sets of process parameters. Each 

set was applied to fatigue tests under five of different applied stresses:  263, 

235, 222, 217, 210 and 205 MPa.   

2.8.2 Design of Experiments (DOE) 

DOE is a planning method, carrying out, analyzing and systematically 

interpreting experiments. DOE employs statistical tools to investigate the effect 

of input variables and their interactions on a response or group of reactions. 

This approach decreases the number of experiments required to develop an 

experimental model that can be used to investigate the effect of process factors 

and their interactions on the response [143, 144].  

Design-expert v13 software package was used in the current study to 

perform DOE, analyze data, build the RSM model, and optimize the process 

through Box-Behnken design (BBD). Optimization was beneficial for 

predicting the optimum process variables that yield the best fatigue life. In 

RSM, the general second-order polynomial model was used as a functional link 

between the independent variables and the response surface [145]: 

𝑌 = 𝑏𝑜 + ∑ 𝑏𝑖𝑖
𝑖=1

𝑥𝑖
2 + ∑.

𝑛

𝑖=1

∑ 𝑏𝑖𝑗

𝑛

𝑗=𝑖+1

𝑥𝑖𝑥𝑗 + 𝑒…………..(2.1) 
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where Y is the response, the set bo, bii and bij are linear, quadratic and interaction 

regression coefficients, xi and xj are the independent variables and e is the 

experimental/residual error.  

 

 BBD was utilized for three independent input variables, PRR, ω and v on 

the dependent response fatigue life. The range of input variables was designed 

and defined for the software to suggest the number and set of input variables 

for each experiment. Table 2.5 lists each input variable's range lower and higher 

range and corresponding coded levels. The experiments were carried out to 

obtain the response values, which were inserted into the software later. The 

experimental design considered three levels, three independent input 

parameters (PRR, ω, and v), and seventeen experiments. Table 2.5 presents the 

average fatigue life value of six specimens for each set of parameters group 

subjected to different loads and the raw metal noc values. 

 

Figure 2.10 represents RSM modeling approach. According to this approach, 

RSM was applied for the DOE purpose and analyzed the response by 

developing the mathematical models that help predict the optimum mentioned 

responses as a function of selected input working parameters. The key to 

operating parameters selection and ranges values determination is the first step 

in Design Expert® software processing. The more realistic results eliminated 

extreme parameter values of no joining or high polymer degradation inferred 

from OFM tests. 

Table 2.6 Input parameters ranges and their coded levels. 

Variable 
Actual values range at coded levels 

-1 0 +1 

PRR (kHz) 20.00 22.5 25.00 

ω (mm) 0.02 0.03 0.04 

v (mm/s) 200.00 350 500.00 
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Figure 2.10: BBD based on DOE approach flowchart. 



54 
 

2.9 Specimens Surface Observations and Analysis 

A number of tests was applied for the specimens surfaces in order to 

investigate the effect of LSP on the samples in term of chemical composition 

and structural changes. A modern optical microscope was used to magnify the 

cross section of some fractured specimens up to 1500 times with a spatial 

resolution of 0.2 μm. Figure 2.11a shows the microscope used for imaging type 

Lomo/Russia that supplied with a camera type Sony A7RII which employs the 

focus stacking optical technique through the Zerene Stacker software. Scanning 

electron microscope (SEM) imaging uses a focused beam of electrons to create 

images for a sample. When electrons interact with a material, they generate a 

variety of signals that can be detected by electron microscope detectors, 

providing information about the sample's surface topography and composition. 

The chemical analysis of surfaces was utilized through energy dispersive 

spectroscopy (EDS). SEM and EDS inspections were carried out by SEM-EDS 

device type Inspect™\ Netherland as shown in Figure 2.11b. INspectF50A 

device is a general-purpose field-emission for high-resolution SEM imaging 

employed for imaging as well as EDS analysis for the untreated and peened 

specimens. 

 

 

 

 

 

 

 

 

Figure 2.11: Specimens Surface Observations: a) Optical microscope 

type Lomo™, b) SEM-EDS device type Inspect™. 

(a) (b) 
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2.10 X-Ray Diffraction Analysis 

 XRD analysis is a nondestructive technique that was used to investigate 

the crystallographic structure of the specimens. It was done by irradiating a 

specimen surface with incident X-rays followed by measuring the scattered 

intensities as well as angles of the radiation from the specimen surface. Figure 

2.12a shows the setup of XRD technique where X-ray radiation focused on the 

surface of a specimen that fixed on the axis of the spectrometer. The rotation 

angles are measured, recorded, and plotted against the diffracted radiation. The 

result is referred to as the specimen X-ray diffraction pattern. Qualitative 

analysis, lattice constant determination, and/or stress assessment of specimens 

may all be done using computer analysis of the peak locations and intensities 

associated with this pattern. The peak angles and profiles are used to determine 

crystallographic information and structural analysis. Figure 2.12b shows the 

XRD diffractometer device model XRD-6000/Japan that used in alayzing 

different specimens in the current project. 

The diffracted peaks position (2θ) was employed to study the modification 

in the structural characteristics such as grain size, lattice parameters (d spacing), 

dislocation, strain and residual stresses by means of Williamson-Hall plot 

method [146]: 

β𝑇 = βD + 𝛽휀 … … … … … … … … … … . . (2.2)  

  β𝑇 ∶

𝑏𝑟𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑜𝑡𝑙𝑎 𝑑𝑢𝑒 𝑡𝑜 𝑏𝑟𝑜𝑑𝑖𝑛𝑔 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒𝑠 𝑠𝑖𝑧𝑒 𝑎𝑛𝑑 𝑏𝑟𝑜𝑑𝑖𝑛𝑔 𝑠𝑡𝑟𝑎𝑖𝑛  

βD: 𝑏𝑟𝑜𝑑𝑖𝑛𝑔 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒𝑠 𝑠𝑖𝑧𝑒  

𝛽휀: 𝑏𝑟𝑜𝑑𝑖𝑛𝑔 𝑠𝑡𝑟𝑎𝑖𝑛  

SFrom Scherer equation D =
Kλ

𝛽 cos Θ
…………………………. (2.3) 

Where 𝛃𝐃 is FWHM in radians?  

 K: shape factor = 0.9  
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𝛌: 0.15406 nm in the wavelength source XRD  

D: 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒𝑠 𝑠𝑖𝑧𝑒  

𝚯: Peak position readies   

The micro strain give equation  

𝛽휀 = 4휀 tan Θ … … … … … . (2.4)    

Putting eq 2 and 3 in eq 1 

β𝑇 =
Kλ

𝐷 cos Θ
+ 4휀 tan Θ … … … … … (2.5) 

As we know  tan Θ = 𝑠𝑖𝑛𝜃/𝑐𝑜𝑠𝜗 

Rewrite equation 4 we get 

β𝑇 =
Kλ

𝐷 cos Θ
+ 4휀

𝑠𝑖𝑛𝜃

𝑐𝑜𝑠𝜗
… … … … … … . . (2.6)  

Multiply equation 5 both side 𝑐𝑜𝑠𝜗  

β𝑇 𝑐𝑜𝑠 𝛩 = 휀(4𝑠𝑖𝑛𝜃) +
Kλ

𝐷
… … … … … … … … (2.7)  

Equation 3.7 represent straight line, in which 휀 is gradient (slope) the line and  
Kλ

𝐷
 is represent the Y intercept.  

Consider stander equation straight line represented  

𝑌 = 𝑚𝑥 + 𝑐 … … … … . (2.8) 

m: is slope and   

c:  is intercept y  

From equation 3.9 calculate grain size  (nm) 

𝑐 =
Kλ

𝐷
… … … … . . (2.9)  

From equation 3.10 calculate dislocation (nm-2) 

𝛿 =
1

𝐷2
… … … … . . (2.10)  
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2.11 Residual Stresses 

LSP induces cold working and plastic deformation in the processed zones 

and this creates beneficial compressive residual stresses. The induced residual 

stresses contribute in increase the fatigue life and disrupt microcracks initiation 

and propagation. Residual stresses (σr) values were computed according to the 

following equation [147]: 

𝜎𝑟 =
휀

𝑑
(

𝐸

1 + 𝜈𝑝
) … … … … … … . (2.11) 

where ε is the average strain, E is the modulus of elasticity (MPa), d (nm) is the 

crystallographic spacing of the un-peened specimen, and νp the Poison ratio.

Figure 2.12: a) XRD test setup, b) The (XRD) device type 

Shimadzu XRD-6000 X-ray diffract meter\Japan. 

(b) (a) 
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3.1 Introduction   

xperimental results including the mechanical tests, imaging observations 

and structural analysis for the specimens produced by LSP are presented 

in this chapter. The experimental results were extracted using two methods 

OFAT and the multi-factor at a time by using BBD based on DOE. Section 3.2 

reviews OFM results where the working parameters effects are investigated 

individually. Section 3.3 reviews BBD results where the effect of two or more 

working parameters at a time as well as their interaction are investigated. The 

performance of specimens under cyclic loading were presented by S-N curves 

in Section 3.4. The built of experimental model and related extracted data are 

presented in Section 3.5. Based on the built model, the suggested optimization 

data of LSP process was demonstrated in Section 3.6. The imaging observation 

for the treated and untreated specimens were demonstrated in Section 3.7. 

Structure analysis through XRD and induced residual stresses for the treated 

specimens with LSP and untreated ones were discussed in Sections 3.8.Finally 

Section 3.9 described the facture status in the cross section for three specimens, 

the untreated, treated and the optimum specimen. 

 

3.2 One Factor at a Time Results  

The obtained results reveal the rise in fatigue life is linked with two 

considerations. The first is setting the optimum process parameters to build the 

highest adequate pressure to attain the optimum plastic deformation; this will 

discuss in the next two section. The second one is the chosen set of process 

parameters should not yield ablation for the surface of the metal and 

consequently several unwanted side effects. The induced defects due to 

improper selection of the optimum process parameters set definitely contributes 

stress concentrations at the produced defects resulting in early failures. These 

E 
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defects that yield from laser ablation may be of one or more type such as 

deposits, pitting, flaws, and solidified particles. 

 

The improvement of fatigue life by manipulating the process parameters pulse 

repetition rate (PRR), spot size (ω) and scanning speed (v). The following 

subsections illustrates the effect of each process parameter individually on the 

fatigue life represented by the number of cycles under cyclic loading (noc) for 

a descending spectrum of bending stresses 263, 235, 222, 217, 210, and 205 

MPa. Table 3.1 tabulates the results obtained from OFAT method where the 

specimens are grouped into to three groups based on the varied process 

Table 3.1: OFAT results. Input parameters ranges. 

 

E
x

p
er

im
en

ts
 g

ro
u

p
s 

Process parameters 

ranges  

noc at different applied stresses 

(cycle) ⤬ 104  

PRR 
(kHz) 

ω 
(mm) 

v 
(mm/s) 

noc at 

263 

(Map)   

noc at 

235  

(MPa)   

noc at 

222 

(MPa)   

noc at 

217 

(MPa)   

noc at 

210  

(MPa)   

noc at 

205 

(MPa) 

Untreated specimens 4.2730 9.2291 10.7492 12.2868 15.0774 18.5082 

P
R

R
-G

ro
u

p
 

20 0.03 350 4.8345 11.0110 20.4176 30.2142 40.2173 42.7030 

21 0.03 350 8.5676 15.7694 21.8180 30.6874 43.4127 51.5210 

22 0.03 350 6.0519 13.0977 20.2323 30.2295 43.8992 49.8992 

22.5 0.03 350 5.6366 9.6338 18.4682 28.0781 38.7946 58.6980 

23 0.03 350 4.7001 10.7170 20.3806 30.2661 41.8734 57.3130 

24 0.03 350 4.6751 10.9021 21.9473 31.2840 41.0226 51.2320 

25 0.03 350 4.7010 10.7176 20.3812 30.2679 41.8743 41.6190 

 ω
-G

ro
u

p
 22.5 0.02 350 4.7231 10.8880 20.2106 30.1751 41.9124 62.8245 

22.5 0.03 350 6.0528 13.0981 20.2330 30.2263 43.9007 57.1980 

22.5 0.04 350 4.3779 9.5688 20.1910 30.1435 31.7262 66.8670 

v-
G

ro
u

p
 

22.5 0.04 200  10.6520 20.4280 31.2010 40.2430 64.0100 106.9421 

22.5 0.04 250 8.4398 32.1075 39.0646 53.8312 59.1123 81.2572 

22.5 0.04 300 6.3087 12.3049 19.0102 23.7937 29.9368 67.9780 

22.5 0.04 350 5.7584 10.3352 24.0605 31.0834 46.7133 65.9365 

22.5 0.04 400 7.3588 22.3049 37.0135 43.3650 59.3663 77.0027 

22.5 0.04 450 9.1866 39.8145 46.0111 53.4144 69.7188 98.3471 

22.5  0.04 500 13.1230 20.9040 32.6100 43.4310 73.3530 112.0210 
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parameter. Also, the table provides a comparison between the treated 

specimens with LSP and the untreated. The latter is considered a reference for 

the degree of improvement in noc at different levels of applied stresses.  

Under different applied loading from heaviest stress 263 MPa to the lightest 

one 205 MPa the behavior is almost same. Therefore, discussion of data in the 

next subsections takes the lightest applied stress 205 MPa where the colored 

blue column in Table 3.1. 

3.2.1 The Effect of Pulse Repetition Rate 

The effect of PRR on noc is outlined by Figure 3.1, the best recorded fatigue 

life value is 58.698⤬104 cycles when the PRR equals 22.5 kHz, at constant 

values of 0.03 mm and 350 mm/s for ω and v respectively. This optimum value 

yields a maximum percentage increase in noc by 217.15% when compared with 

the un-peened specimen, which recorded noc value equals 18.508⤬103 cycles. 

The drop in noc values at both ends of the curve is related to the intensity 

approach towards the minimum intensity (Imin=1.8 GW/cm2) and the maximum 

intensity (Imax=2.3 GW/cm2) at the right end and left end, respectively. Towards 

Imin the laser beam be insufficient to produce the required plasma capable to 

impart plastic deformation in the metal structure. 

 

 

 

 

 

 

 

 

 

 
Figure 3.1: The effect of manipulating the PRR  

on the fatigue life at the applied fatigue stress 205 MPa.  
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3.2.2 The Effect of Spot size 

The effect of ω variation on the noc show weak effect at constant values for 

PRR and v equal to 22.5 kHz and 350 mm/s respectively as seen in Figure 3.2. 

A slight increase in the noc can be observed when the spot size is 0.04 mm, as 

the percentage increase in noc concerning the previous parameter is 261.2%. It 

is well noticed when the intensity of the laser beam decreases due to larger spot 

size, the fatigue life be better and this can be related to the absence of the side 

effect of laser ablation defects which degrades the specimen dynamic 

performance.  

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 The Effect of Scanning speed  

The effect of v variation on the noc shows a significant effect when the other 

two parameters PRR and ω are at their optimum obtained values to 22.5 kHz 

and 0.04 mm respectively as seen in Figure 3.3. It can be seen the fatigue life 

increases significantly as the scanning speed moves towards the minimum or 

maximum values. When the laser spot scans the working area on the specimen 

at the lowest or highest speeds, 200 mm/sec or 500 mm/sec, respectively, the 
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Figure 3.2: The effect of manipulating the ω  

on the fatigue life at the applied fatigue stress 205 MPa.  
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fatigue life is maximized significantly. This behavior can be related to the 

nature of the laser light interaction with the target at those mentioned speeds.  

Towards the lower values of v, the pulses overlap (OV), and the number of 

pulses per single spot N increases, resulting in a lower ablation threshold and 

an increase in the ablation depth. Such a condition causes complete removal for 

the black coat resulting in high induced pressure and substrate plastic 

deformation. On the other side, switching towards higher values of v 

consequently lowers OV and N, lead to an increase in the ablation threshold, 

smaller ablation depth and higher black paint removal rate due to a larger 

ablated transverse area per single pulse [148]. Thus, higher induced pressure is 

associated with high plastic deformation for the metal surface. The drop in the 

graph between the maximum and minimum ranges of v is related to the ablation 

side effect on the base metal, as will be revealed in sections 3.7 and 3.8 .  
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Figure 3.3: The effect of manipulating the v  

on the fatigue life at the applied fatigue stress 205 MPa.  
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3.2.4 Graphical Demonstrating of Groups 

3.2.4.1 Bar Charts 

The bar chart shown in Figure 3.4 offers data comparison between the three 

process parameters among groups of PRR, ω and v as well as untreated group. 

The high speed scan of the laser spot on the working area on the specimen both 

sides when the other parameters are set on their optimum values yield the 

highest fatigue life at all. The percentage increase in the fatigue life when the 

untreated specimen considered as a reference is illustrated in Figure 3.5 
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Figure 3.4: The total effect of v on noc compared among other 

effects of process parameters at the applied fatigue stress 205 MPa.  
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Figure 3.5: The percentage increase in the fatigue life when the untreated 

specimen considered as a reference at the applied fatigue stress 205 MPa.  
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3.2.4.2 Box Plot Graph Analysis 

The box plot graph in Figure 3.6 displays the variability, outliers, symmetry of 

data, and distributions between the three groups of process parameters of LSP 

data. The absence of overlap between the three boxes of data (PRR, ω and v) 

indicates variability and differences in the obtained data, which is considered 

good. The more extended box and wider whiskers of group v mean the data is 

dispersed noticeably dispersed compared with the two other boxes. Box ω is 

shorter in terms of box length and range of whiskers, meaningless dispersed 

data and the lowest impact on results. For the three boxes, the whisker's height 

is shorter than 1.5 times the interquartile range, which indicates there is no exist 

for outlier data. The groups PRR and ω show the unsymmetrical data 

distribution where the median and the whiskers are approximately the same on 

both sides. Unlike the latter groups, group v shows the asymmetrical, positively 

skewed data distribution. The median is closer to the bottom of the box, and the 

whisker is shorter on the lower end of the box. 

 

 

 

 

 

 

  

 

 

 

 

n
o
c 

⤬
1
0

4
 (

cy
cl

e)
 

 

Unpenned metal ave. 

noc=18.508⤬104 (cycle) 
 

 

 

 

v group 

ω group 

PRR group 

Figure 3.6: Data analysis via boxplot graph 

extracted at applied fatigue stress 205 MPa. 
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3.3 The Results of BBD Based on RSM  

The objective of employing BBD in the current study is to attain many goals 

especially apply mathematical and statistical analysis for the process 

parameters and their interactions, build an experimental model and optimize 

the process. The experimental design considered seventeen experiments of 

three levels for the three independent input parameters (PRR, ω, and v).  

 Among the seventeen experiments. Table 3.2 presents the average fatigue life 

value of six specimens for each set of parameters group subjected to different 

loads as well as the raw metal noc values two of them show significant fatigue 

life namely experiments 6 and 16. It could be deduced from both experiments 

the PRR of 22.5 and ω of 0.04 mm are the optimum operating conditions at the 

upper and lower scanning speed v values of 200 mm/s and 500 mm/s. 

Compared with untreated specimens, noc for these two sets of parameters 

recorded a percentage increase in fatigue life of 505.25% and 477.81% for 

experiments 6 and 16, respectively, as seen in Figure 3.7 

Table 3.2: BBD for extraction the response values for fatigue life. 

Ex
p

e
ri

m
e

n
t 

N
o

. 

Parameters values  

(Coded values) 

Responses: Average fatigue life (noc) ⤬ 104 (cycle) 

PRR 
(kHz) 

 

ω 
(mm) 

v 
(mm/s) 

noc at 
263 

(Map)   

noc at 
235  

(MPa)   

noc at 
222 

(MPa)   

noc at 
217 

(MPa)   

noc at 
210  

(MPa)   

noc at 
205 

(MPa) 

Raw specimens 
 (not processed)  

4.273 9.229 10.749 12.286 15.077 18.508 

1 22.5 (0) 0.03 (0) 350 (0) 5.636 9.633 18.468 28.078 38.794 46.812 

2 22.5 (0) 0.03 (0) 350 (0) 6.052 13.098 20.233 30.226 43.900 57.098 

3 25 (1) 0.04 (1)  350 (0) 4.701 10.717 20.381 30.267 41.874 57.619 

4 25 (1) 0.03 (0)  500 (1) 8.568 15.770 21.818 30.688 43.413 51.920 

5 25 (1) 0.03 (0) 200 (-1) 4.676 10.903 21.948 31.284 41.023 51.164 

6 22.5 (0) 0.04 (1) 500 (1) 13.123 20.904 32.610 43.441 73.353 112.021 

7 22.5 (0) 0.02 (-1) 500 (1) 3.760 9.598 19.013 24.047 30.297 38.351 

8 20 (-1) 0.04 (1) 350 (0) 4.834 11.011 20.417 30.214 40.217 50.703 

9 22.5 (0)  0.02 (-1) 200 (-1) 4.746 10.433 20.812 29.850 40.661 50.106 

10 22.5 (0) 0.03 (0) 350 (0) 6.052 13.098 20.233 30.230 43.900 57.098 

11 22.5 (0) 0.03 (0) 350 (0) 62.112 10.343 18.757 26.992 36.890 51.329 

12 22.5(0)  0.03 (0) 350 (0) 5.120 11.250 13.601 22.551 31.489 50.226 

13 20 (-1) 0.02 (-1) 350 (0) 4.378 9.569 20.191 30.144 31.727 54.378 

14 20 (-1) 0.03 (0) 500(1)  4.046 10.253 19.050 23.986 34.063 44.319 
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The experimental data was represented on boxplot graphs to discover their 

variability or dispersion, outliers and symmetry of the process parameters at 

their three levels determined by the software. Boxplots graph in Figure 3.8 

show the impact of each input parameter at its three levels on data 

characteristics and distribution. The high level of ω demonstrates more 

different amounts when compared with the other two parameters PRR and v, as 

seen in Figure 3.8a. On the other hand, the other two levels of ω exhibit no 

effect of variability of the response and shorter whiskers. The more significant 

variability for noc data and wider whiskers can be observed at least for two 

levels of the v parameters as shown in Figure 3.8b. No outlier was observed 

where the whiskers length is shorter than the 1.5 times the interquartile range. 

The longer boxes of low and high levels for v indicates wider distribution, that 

is, more scattered data. Figure 3.8c demonstrates less distribution and outlier 

data for the three levels of the parameters PRR. The median lines of the three 

boxplots overlap with their adjacent boxplots, and then there is likely to be no 

15 20 (-1) 0.03 (0) 200 (-1) 4.691 11.914 22.453 29.870 40.263 49.000 

 

 

16 22.5 (0) 0.04 (1) 200 (-1) 10.652 20.428 31.201 40.243 64.010 106.942 

          

17 25 (1) 0.02 (-1) 350 (0) 4.378 9.569 20.191 30.144 31.723 54.378 
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 Figure 3.7: The percentage increase in fatigue life for the 

processed specimens at an applied stress of 205 MPa. 
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effective differences between the three levels. For all three graphs, it can be 

seen that most of the boxplots for the three parameters are skewed (asymmetric) 

and don’t follow a normal distribution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n
o

c 
(c

y
cl

e)
 

ω (mm) 

(a) 

n
o
c 

(c
y
cl

e)
 

v (mm/s) 

(b) 

n
o

c 
(c

y
cl

e)
 

PRR (kHz) 

(c) 

 Figure 3.8: Boxplots representation for the distribution of data 

at three levels for each input parameter: a) ω, b) v and c) PRR 

at an applied stress of 205 MPa. 
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3.4 Experimental S-N Curves  

The fatigue test was applied using the alternating bending device for 306 the 

untreated and peened specimens classified into 18 groups by applying a 

bending load at their free end. Each group of process parameters was divided 

into six subgroups to load it with different predefined fatigue stresses. Namely, 

fatigue stresses 263, 235, 222, 217, 210 and 205 MPa. Figure 3.9 presents the 

S-N curves data for the fatigue life represented by noc versus the applied stress 

of 205 MPa for the untreated and peened specimens processed by different sets 

of process parameters. It is seen that the untreated samples have limited life 

compared with treated samples by any group of process parameters. Figure 3.9a 

shows manipulating the PRR value has a good enhancement in noc, especially 

at 22.5 kHz; however, it is still considered limited for any value of PRR. 

Variation of ω shows convergent results for noc at different applied loads as 

Figure 3.9b depicts. The significant impact factor on the fatigue life is the v 

when it sets at a low value of 200 mm/s and becomes better at the higher value 

of 500 mm/s, as shown in Figure 3.9c.  
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3.5 Model Analysis 

BBD based on RSM with three independent parameters as input variables and 

their interactions was utilized to develop the response surface models and their 

interactions. The response surface was tailored to fit the experimental results 

obtained from the executed experiments. The models predict found the 

responses noc at the various combination of working parameters PRR, ω and v. 

The adequate model without aliased terms after eliminating some combinations 

of nominal and weird words. 

Axiomatically, all of the responses for noc at different applied stresses show 

different values but approximately the same behavior when modelled. Thus, 

one of these models will be presented in the current section is enough to reflect 

the general conduct of fatigue lives at different applied stresses. The following 

analysis for the obtained model and optimization is related to the response at 

the applied pressure of 205 MPa. It is worth to mention the quadratic model 

was failed to represent the significance of the build model and its related input 

parameters. This may be related to the nature of obtained data in term of two 

significant results among almost the same level of data for the others. The cubic 

model handles the situation after elimination some diagnosed aliased 

combinations of input parameters. The mathematical model that benefits for 

predicting the response noc as a function of a set of the input parameters PRR, 

ω and v is as follow: 

𝑛𝑜𝑐 = −2.13 ⤬ 106 + 1.52 ⤬ 105 𝑃𝑅𝑅 + 7.72 ⤬ 106 𝜔 + 5.05 

⤬ 103 𝑣 − 114.11 𝑃𝑅𝑅. 𝑣 − 89.3 ⤬ 103 𝜔. 𝑣 − 3.05

⤬ 103 𝑃𝑅𝑅2 + 1.7 ⤬ 108 𝜔2 − 8.76 𝑣2 + 0.206 𝑃𝑅𝑅. 𝑣2 − 3 

⤬ 105 𝜔2. 𝑣 + 161 𝜔. 𝑣2 … … … . . (3.1) 

One-way Analysis of variance test (ANOVA) was applied for the reduced cubic 

model given in Table 3.3 to test the null hypothesis and analyze the statistically 

significant differences between the means of variables. The F-value of 58.36 
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for the developed model implies the model is significant. There is only a 0.01% 

chance that this large F-value occur due to noise. The observed significant p-

value of 0.0001 makes both terms of the model are significant. Among the 

duration of three input parameters, the v is found effective for both F-value and 

p-value. Likewise, the combinations of input parameters were found significant 

except the term ω.v2 was insignificant where the p-values greater than 0.10. 

The Lack of Fit F-value of 0.0228 implies that the Lack of Fit is unimportant 

relative to the pure error. There is a 88.73% chance that a Lack of Fit F-value 

this large could occur due to noise. Non-significant lack of  

 fit is a good value to the model fit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fit statistics reveal an R2 value of 0.9923 close to unity and has good 

agreement with an adjusted R2 value of 0.9753. The Adequate Precision (Adeq) 

value measures the signal to noise ratio. The model shows an Adeq Precision 

value of 28.049, where a ratio greater than 4 is desirable. This can give an 

indication that the model could be used to navigate the design space. Figure 

3.10 shows the distribution of the actual data points of the response depicted 

Table 3.3: ANOVA test for noc at applied stress of 205 MPa. 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-value  

Model 1.013⤬1010 11 9.207⤬108 58.36 0.0001 significant 

PRR 4.469⤬105 1 4.469⤬105 0.0283 0.8729  

ω 1.514⤬107 1 1.514⤬107 0.9593 0.3723  

v 2.637⤬108 1 2.637⤬108 16.71 0.0095  

PRR . ω 5.146⤬108 1 5.146⤬108 32.62 0.0023  

ω . v 2.984⤬108 1 2.984⤬108 18.91 0.0074  

PRR2 1.533⤬109 1 1.533⤬109 97.16 0.0002  

ω2 1.870⤬108 1 1.870⤬108 11.85 0.0184  

v2 1.063⤬109 1 1.063⤬109 67.36 0.0004  

PRR . v 2.691⤬108 1 2.691⤬108 17.06 0.0091  

ω.v2 3.896⤬107 1 3.896⤬107 2.47 0.1769  

ω2v 2.624⤬109 1 2.624⤬109 166.3 <0.0001  

Residual 7.889⤬107 5 1.578⤬107    

Lack of fit 4.469⤬105 1 4.496⤬105 0.0228 0.8873 not significant 

Pure error 7.844⤬107 4 1.861⤬107    

Cor Total 1.021⤬1010 16     



72 
 

by the experiments on each run versus the predicted values evaluated by the 

model. It can be seen data points distributed along the 45o line indicating good 

agreement of experimental and expected results by the model. 

 

 

 

 

 

 

 

 

 

 

According to the experimental results and statistical analysis, RSM plots are 

obtained for the three-dimensional graphs (3D) of the response noc as a 

function of two or more input parameters. Figure 3.11 defines in 3D graph and 

contour plot the values of noc at a combination of two input parameters for a 

certain set value for the third one. The effect of PRR and ω for a fixed value of 

v=200 mm/s is illustrated in Figure 3.11a. The impact of PRR and ω on the 

fatigue life indicated that noc was maximum at ω=0.04 mm and PRR= 22.5 

kHz. It is clear that noc has increased with increasing ω and PRR towards the 

maximum and moderate values respectively. For the same graph, if v switched 

to average values of 350 mm/s, the response surface decreases before 

increasing to the maximum at v=500 mm/s. High scanning speed results in a 

high cooling rate and low interaction time with the target, resulting in less 

roughness and high hardness. Appendix B presents the 3D response plots at the 

other applied stresses: 263, 235, 222, 217 and 210 MPa. 
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 Figure 3.11: 3D response plots for noc at applied stress of 205 MPa. 

c) ω vs. v at PRR=22 kHz. 
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When the speed declines, the interaction time increases, and the cooling rate 

decreases, resulting in increased surface roughness accompanied by lower 

hardness [149]. The effect of PRR and v on the response, at fixed value of 

ω=0.03 mm, is depicted in Figure 3.11b. Moving PRR from the moderate to 

high values gives higher values of noc at the terminals of v equals to 200 mm/s 

and 500 mm/s. Changing the value of ω to the minimum lowers the response 

surface down and vice versa. The induced compressive residual stresses at the 

surface obviously increases for a certain depth with increasing ω [148].  

The effect of ω and v on the noc when the PRR at 22 kHz is shown in Figure 

3.11c. The noc shows two significant peaks when ω= 0.04 mm and v is at the 

maximum or minimum values. Lowering the value of PRR lowers the response 

surface and keep the same pattern. This may be related to plasma formation 

rule related to the laser intensities value. At low intensity of less than 1 GW/cm2 

LSP is not verified. At moderate range of 1 GW/cm2 to 7 GW/cm2, the plasma 

pressure reaches its maximum limit. When the intensity increases above 7 

GW/cm2, plasma saturation and light shielding occur [150]. 

 

3.6 Optimization of LSP Process 

To enhance the fatigue life efficiency, the optimum suggested operating 

parameters were introduced by the model as shown in Figure 3.12. In the 

criteria of optimization, three optimized conditions were extracted out by 

setting three different criteria: 

a) Maximum response could be attained for PRR range of 22 - 25 kHz and ω 

range of 0.35 – 0.04 when the experiment operates at v of 500 mm/s as shown 

in Figure 3.12a. 

b) Figure 3.12b shows it is possible maximize the response through two 

conditions at constant value of ω equals to 0.04 mm and PRR range of 21 – 25 
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kHz. The highest one is when v equals 500 mm/s and the lowest one at v equals 

to 200 mm/s.  

c) To maximize the response Figure 3.12c reveals two sets optimized 

conditions at PRR of 25 kHz. The largest one when the v equals 500 mm/s and 

ω=0.04 mm and the smaller one when the v equals 200 mm/s for same value of 

ω. 

3.7 SEM images and EDS Analysis 

SEM images and EDS analysis results for the surfaces of three types of 

processed specimens: untreated specimens, the optimum among all peened 

specimens of all groups and an inferior specimen that failed at moderate noc 

are shown in Figure 3.13. An SEM image for the texture of an untreated 

specimen where all illustrations share the same appearance before applying 

LSP as shown Figure 3.13a. The selected optimum specimen was elected on 

the condition of the maximum conducted fatigue life, the highest 

microhardness of about 75.15 HV and conditioned by ablation defect-free 

metal surface as the SEM in Figure 3.13b illustrates. The EDS test for the 

optimum specimen shows that aluminum is still the dominant element on the 

metal surface, reflecting evidence for no phase changes.  

On the other hand, Figure 3.13c shows the opposite features for the optimum 

specimens in terms of noticeable surface ablation, which is considered the 

defect behind the moderate fatigue life. Surface ablation induces flaws and 

micro-cracks or other minor flaws (pits and voids) that reduce specimens' 

performance under cyclic loading during a fatigue test. The EDS analysis 

shows a severe reduction in the aluminum element at the metal surface, 

indicating phase changes at the surface. 
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 Figure 3.12: 3D response plots for desired response values. 
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 Figure 3.13: SEM images and EDS analysis for the surfaces of: a) untreated 

specimen, b) the optimum peened specimen, and c) The inferior peened specimen. 
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3.8 Structure Analysis, XRD and Residual Stresses 

The obtained XRD results reveal narrow and broader diffraction peaks for the 

un-peened and the optimum peened specimens, respectively, as shown in 

Figure 3.14. The test indicates no new diffraction peaks due to the LSP process, 

which means no new diffraction peaks, new crystalline phases, and no new 

chemical composition. The latter with the peak position (2θ) was employed to 

study the modification in the structural characteristics such as grain size, lattice 

parameters (d spacing), dislocation, strain and residual stresses using the 

Williamson-Hall plot method From Figure 3.15 plot β𝑇 𝑐𝑜𝑠 𝛩   𝑦 −

 𝑎𝑥𝑖𝑠𝑒 with 4𝑠𝑖𝑛𝜃 X-axis untraded and trade specimens m is represent slop 

straight line it value 𝜺. Appendix C illustrates the XRD result sheets for the 

untreated and treated specimens. Table 3.3 tabulates the information calculated 

from the data of the XRD test based on a comparison between the un-peened 

and peened specimens that recorded the highest fatigue life. The effect of the 

sequential shots of laser pulses at the upper layers of the peened specimen 

causes a noticeable reduction in the grain size by a percentage of 28.56% and 

the induced strain of -634.9 and length dislocations.  

LSP induces cold working and plastic deformation in the processed zones, 

creating beneficial compressive residual stresses in the optimum specimens. 

The induced residual stresses increase fatigue life and disrupt micro crack 

initiation and propagation. Figure 3.16 shows the residual stresses graphs as a 

function of depth for both un-peened specimens and peened specimens by the 

optimum process conditions. The graph reveals low value of compressive 

residual stresses of -29 MPa for the un-peened specimen. Compared with the 

latter, the peened specimen recorded noticeable compressive residual stresses 

at the surface of -370 MPa. At depth of 300 μm beneath the metal surface the 

compressive residual stresses were -342.6 MPa. The value of residual stresses 

reduces along the depth beneath the surface reaching to a total depth of 700 μm. 
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 Figure 3.14: XRD results for: a) un-peened specimen and b) peened specimen 

at the optimum conditions (PRR=22.5 kHz, ω= 0.04 mm and v= 500 mm/s). 
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Residual stresses (σr) values were computed according to the following 

equation 2.4.  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 Table 3.4: Information extracted from the XRD test data for an untreated 

specimen and peened specimen with the optimum process parameters. 

 Before LSP (un-peened specimen) 

2θ  

(Deg) 

β 

(FWHM) 

(Deg) 

β cos θ 

(rad) 
4 sin θ 

Avera

ge 

grain 

size 

(nm) 

d-spacing 

(nm) 

Average 

dislocation 

(nm-2) 

Average 

strain 

(με) 

38.3915 0.1771 0.003276 1.314822 
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65.04672 0.1669 0.003648 2.149411 0.1433739 
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 After LSP (peened specimen with optimum conditions) 
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 Figure 3.16: Compressive residual stress is induced on the subsurface layers 

of the peened specimen with optimum set of process parameters (PRR=22.5 

kHz, ω= 0.04 mm and v= 500 mm/s). 
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3.9 Fractography Observations 

Good resolution images were taken for the cross section of failed specimens 

using the optical microscope. Each fractured specimen showed a fracture plane 

perpendicular to the plane of the surface. Figure 3.17 shows a plane of fracture 

for an untreated specimen, the cracks initiate on the upper and lower surfaces, 

grow and propagate along the plane and this can be noticed on the rippled areas 

on the image. During the period of cyclic loading, cold work occurs at the 

uncleaved zones resulting in an increase in their brittleness. In addition, the 

continuous reduction in the rest of the area of the section accompanied with an 

increase in its brittleness due to strain hardening results in a sudden 

unpredictable fracture. Looking at the image gives a clear thought there is some 

symmetry in the process for the upper and lower areas and this can be proved 

by the direction of cracks propagation and the converging line which splits the 

upper and lower areas.   

 

 

 

  

 

 

 

 

 

As mentioned before LSP process was applied on specified areas for both sides, 

the upper and lower, of each specimen. Figure 3.18 shows the fracture plane 

for a treated specimen showed a percentage increase in fatigue life of 96.5 % 

Figure 3.17: Microscopic images for the plane of fracture due fatigue 

failure for an untreated specimen loaded with a bending stress of 205 MPa. 

Crack propagation zones 

Crack propagation zone Fast fracture 

brittle zone 
Fast fracture 

brittle zone 
Converging line 

ave. noc=18.508⤬103 (cycle) 



83 
 

when processed with the following set of parameters: PPR of 25 kHz, ω of 0.03 

mm and v of 200 mm/s. Although this specimen shows less enhancement in the 

fatigue life when compared with the optimum specimens it can be classified 

with the normal results of this study. The degradation in performance is related 

to the application effects discussed in Section 3.7. As shown in Figure 3.17 less 

significant is due to multiple fatigue cracks initiation and nucleation at pits 

roots. Cracks grow through the thickness of the upper and lower surfaces and 

meet at the middle forming a converging line. The fracture area is characterized 

by a finer and larger propagation area as well as a significant reduction in the 

fast fracture brittle zone. when compared with the untread specimen and this 

explains the larger number of cycles before failure. In addition, surface 

strengthening due to LSP results in types of cracks called thumbnail cracks as 

illustrated in the figure.   

 

 

 

 

 

 

 

 

 

 

Figure 3.19 shows the fracture plane for an optimum specimen that recorded 

the greatest percentage increase in fatigue life of 505.25% when processes with 

PRR of 25 kHz, ω of 0.03 mm and v of 200 mm/s. It can be well seen the 

absence of ablative dots and homogeneity in the plane of fracture where most 

Figure 3.18: Microscopic images for the plane of fracture due fatigue failure 

for a treated specimen loaded with a bending stress of 205 MPa. 
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of it is the cracks propagation rippled feature presents and this explains the 

longest fatigue period. The zones of rapid brittle fracture are limited where 

almost concentrated at the edges of the specimens.   

 

 

 

 

 

 

 

 

 

 

3.10 Conclusions  

LSP treatment for Aluminum 6061-T6 thin sheets reveals a significant 

improvement in fatigue life under cyclic loading. The following concluded 

remarks are extracted from the current study: 

1.  Enhancement the fatigue performance with LSP can be highly significant 

with sets of process parameters yields defects free surfaces after the process. 

Where two sets of input parameters done this when the PRR equals 22.5 kHz, 

and ω was 0.04 mm, the percentage increase in fatigue life was 505.25% and 

477.81% at the minimum, and maximum scanning speeds 200 mm/s and 500 

mm/s respectively. 

2. XRD analysis test for the optimum specimens indicates the role of LSP in 

reducing the grain size, increasing in the length of dislocation and introducing 

effective residual stresses along depth of 700 μm. 

Fast fracture 

brittle zone 

Figure 3.19: Microscopic images for the plane of fracture due fatigue failure 

for the optimum treated specimen loaded with a bending stress of 205 MPa. 
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3. The scanning speed is the cornerstone in avoiding defects creation at the 

surface, such as pitting, re-solidified debris and recast layers, which considered 

the sink for stresses concentrations, cracks initiations and propagation until 

failure. The conclusion was approved with the SEM images for different 

specimens. 

4. The ideal LSP process is accomplished with cold process and not associated 

with phase transformation and this was approved from the conducted EDS test. 

5. The model revealed that it is possible to make more informed decisions about 

the preferred settings of the controllable factors in order to achieve the best 

response  

6. The data collected from the current LSP investigation gives technical 

expertise that has improved the comprehension of process behavior, as well as 

the ability to anticipate and monitor the process. The data collected from DOE 

is more trustworthy than that obtained by OFAT.  

 

3.11 Future Works  

The following points include some suggestions for future works in the field of 

LSP: 

1. Explore the effect of other parameters in addition to PRR, ω, and v such as 

the pulse width and hatch (line spacing) on fatigue failure reduction.  

2. Study the effect of changing the ablative layer on the quality of LSP output. 

Also this include using different confinement layers rather than water.  

3. Study the effect of scanning pattern of laser spot such as zigzag, spiral and 

others. 

4. Verify experimental result using finite element procedure.  
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 Appendix (A) 

 

PROCEDURE  

The Fatigue test was carried out for the specimens using the alternating 

bending fatigue machine type HI-TECH HSM20\ England. The applied load in 

fatigue testing was utilized according to the requirements of the employed 

fatigue test machine in terms of determining the specimen dimensions for 

aluminum material and selecting the range of deflection values at the free end 

of the specimen. The applied bending loads and stresses are extracted from 

their equation as follows:  
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𝑙3 =
𝐸 ∗ 𝑏 ∗ 𝑡3 ∗ 𝛿

4𝑝
… … … … (1) 

𝜎 =
6 𝑃 𝑙

𝑏 𝑡2 … … … … … … … (2)                     

Where: 

P:  is the applied load (N) 

δ: is the deflection (mm) 

E: is the Modulus of elasticity (GPa) 

 b:  is the specimen's width (mm) 

t: is the specimen's thickness (mm) 

l: is a selected fixed distance from the clamping jaw and the free end of the 

specimen, and σ in applied bending stress (MPa). 

Example: 

From mechanical properties find E, has been used p (Load) ranges between 

15-20 (N) in this example used 15N  

 

𝑙3 =
68.9 ∗ 103 ∗ 10 ∗ 1.63 ∗ 4.25

4 ∗ 15
= 58.4mm 

 

𝜎 =
6 ∗  15 ∗ 58.4

10 1.62 = 205 𝑀𝑃𝑎                    

 

Not:  (205< 𝜎𝑦 = 275𝑀𝑃𝑎) 
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Appendix (C) 

[XRDresult sheet] 
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 الخلاصة

( هو تقنية لمعالجة سطح المواد على البارد لتحسين خصائصها مثل مقاومة LSPبالليزر ) سفعال

تطبيقاتها في مجالات مختلفة مثل التوربينات هذه التقنية  . وجدتبالحكنقاص والتآكل والآ كلالال

 عملية في والمراوح وشفرات الضاغط والطائرات ، كما يتم التعامل مع بعض الأجزاء والسيارات.

LSP   يزرالل الحاصل بين تفاعللل كنتيجةعلى سطح المادة إلى عمق معين  دائميتشوه  احداثيتم 

 ضحيةتسطح المادة بطبقة يغطى بسيطة ،  عبارات. برافقة لهان الظواهر الفيزيائية الموالعديد م والمادة

على  يةذات الشدة العال. يعمل شعاع الليزر لطول الليزر الموجي والتي بدورها مغطاة بطبقة حبس شفافة

فافة. شالطبقة بين سطح المادة و ال بلازما محصورةال سحابة منالطبقة الماصة للإشعاع مكوناً  تبلية

محلي  دائميضغطًا هائلاً على سطح المادة مما يتسبب في تشوه  تولدةالبلازما الم سلطنتيجة لذلك، ت

 .ةالماد معين في مقطع طول على طية داخليةضغمسببا اجهادات 

الليزر  دةشمثل السفع بالليزر على جودتها  ، تساهم العديد من معلمات عمليةالعلمية وفقاً للأدبيات

راسة . الهدف من الدالليزر لبقعةي هندسالشكل الو اتطول الموجة ومعدل تكرار النبضالو ةالنبض طولو

من  T6-0606 نوععلى صفائح رقيقة ناعمة من معدن الألمنيوم  السفع بالليزرالحالية هو تطبيق تقنية 

ي نبضال الاليافليزر تحت التحميل الدوري. يتم تطبيق هذه العملية باستخدام  كلالأجل تحسين أداء ال

 لليزرا بحجم بقعة الاليافنانومتر. تتمثل حداثة هذا العمل في استخدام ليزر  6601 يموجالطول ذو ال

ثانية. نظام الليزر المستخدم  \مم  066-066عالية جداً في نطاق مسح ميكرومتر وسرعة  06صغيرة ال

المواصفات التالية: أقصى ذو )الصين(  Q-switched RFL-P نوع هو نوع ليزر الألياف النانومتري

كيلو  06الى  06 من اتنانوثانية ، ومعدل تكرار النبض 16نبضة  طول، و واط 666 القدرة هومتوسط 

 Box( بناءً على تصميم DOE) اربهرتز. لتحسين النتائج ، استخدمت الدراسة تقنية تصميم التج

Behnken (BBD)  لتحسين نتائجLSP ل عامل واحد في كال التقنية التقليدية ؤها بواسطةالتي يتم إجرا

ادر ق حصائي، تم تطوير نموذج ا تصميم التجارب ة(. بالإضافة إلى ذلك ، من خلال تقنيOFATمرة )

 الليزر بقعة ومساحة ( ، PRR) اتمعدل تكرار النبضمعلمات العملية وهي العلاقة بين  عرضعلى 

(ω( وسرعة المسح ، )vوتفاعلاتها ) الاستجابة( . يتم تمثيل الأخير من  مخرجاتعلى ال مع بعضها(

يق حتى الفشل عن طر بحمل معين التحميل الدوري التي تتحملها العينة تحت( nocخلال عدد الدورات )

 الكسر. يشير النموذج إلى العديد من الخيارات التي يمكن للعمليات أن تتحسن فيها. 

لهما درجتين من التحسين في عمر التعب يمث سطة السفع بالليزربواتظهر نتائج العينات المعالجة 

مقارنة بالعينات غير المعالجة. يمكن اعتبار الدرجة الأولى طبيعية  عدد الدورات اللازمة لحدوث الكسر



 

 
 

 لالكزيادة في عمر المجموعات مختلفة من المعلمات حيث تم تسجيل متوسط للعينات المعالجة لمعظم ا

تقريباً. تظهر الدرجة الثانية من النتائج لمجموعتين من العينات حيث تكون الزيادة في  ٪ 670بنسبة 

 كيلو هرتز و 0020عمر الكلال ذات دلالة كبيرة ممثلة بأعلى رقم عند معدل تكرار النبضات يبلغ 

 \مم  066و  066عند  عند سرعتي مسح لبقعة الليزرمم وكلاهما  0.04 مساحة  بقعة الليزر بمقدار

ثانية. مع هاتين المجموعتين من المعلمات المذكورتين ، تكون النسبة المئوية القصوى للزيادة في عمر 

 066 سرعة مسح عند ٪177216ثانية و  \مم  500ساوي سرعة مسح ت عند ٪060200هي الكلال 

استخدام ب هايرعند تصو من العيوب المختلفة خاليةعينات ذات اسطح ثانية. تهظهر هاتان المجموعتان  \ مم

( إلى انخفاض في حجم XRD(. يشير تحليل حيود الأشعة السينية )SEMالمجهر الإلكتروني الماسح )

على  ةفعال ةمتبقي داخلية طو، وتشكيل ضغ ٪01200بنسبة الانخلاعات  ، وزيادة في أطوال يباتالحب

 ميكرومتر. 766يصل إلى الى عمق السطح وتحته 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 
 

 
عمليةمعلمات العمل على كفاءة  تغييرتأثير   

 T6-6061سبيكة الالمنيوم على بالليزر  سفعال 
 
مقدمة رسالة  

كجزء من متطلبات نيل  معهد الليزر للدراسات العليا / جامعة بغداد إلى
ماجستير علوم في الليزر / الهندسة الميكانيكيةشهادة   

 

 

 من قبل

ر ــعلي محـمــد خضي  

  0660 ميكانيكية هندسة بكالوريوس

 

 بإشراف
 أ.م. د. فرات ابراهيم حسين النجار

 
 

م 2222هـ                                                               3441  
 

 وزارة التعليم العالي والبحث العلمي

 جامعة بغداد

 معهد الليزر للدراسات العليا


