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Abstract 
Laser shock peening is a modernized surface enhancement performed me-
thodically to improve fatigue life, enhance the hardness of the material and 
make coarse grains flat under the superficial layer. In this current study, the 
effect of varying optimized multiple laser shock peening (LSP) is studied on 
the surface integrity, microhardness, and mechanical properties. The results 
show that the LSP-treated specimens have visible signs of valleys, wavy and 
varying height distribution as well as dimples. However, the presence of 
non-uniformity and sharp protrusions was detected from the superficiality of 
the as-received specimen and this was so because of the SiC abrasive material 
used to polish the superficial layer of the specimen before the test experiment. 
Prior to LSP, the surface roughness was 2 μm, however, after LSP the rough-
ness increased to 4 μm, 6 μm and 17 μm for 1, 2, and 4 impacts, respectively. 
High-density dislocation can also be observed close to the grain boundary 
because the grain boundary prevents the migration of dislocation which 
could lead to dislocation walls and dislocation tangles. The increase in im-
pacts decrease the average grain size, nevertheless, the micro-strain increased 
after multiple impacts. Furthermore, coarse grains after LSP were trans-
formed into finer grains. The increase in the number of impacts increases the 
micro-strain likewise the full-width half maximum (FWHM). Finally, the in-
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crease in microhardness increases as the LSP impacts increase. 
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1. Introduction 

In the early 1960s, laser-induced shock waves were first studied and recognized 
[1]. Traditional shot peening (SP) was previously used in place of LSP, a more 
recent process of surface processing used to increase the fatigue life, wear, and 
corrosion resistance of metal materials [2] and control top surface crack initia-
tion and propagation in thin sections [3] [4]. 

The under-study material aluminum alloy is incredibly useful in the automo-
tive and aerospace industries due to its lightweight and average strength. How-
ever, its limitations in terms of material strength and corrosion resistance pre-
vent its widespread use [4], and in recent years, techniques like LSP [5] [6], shot 
peening (SP), [7], surface attrition treatment [8], and ball burnishing [9] have 
drawn a lot of interest because it can enhance the mechanical properties of metal 
materials and in additive manufacturing as a post-treatment technique [10]. The 
influence of LSP on microstructure transformation and mechanical properties of 
metallic materials has been acknowledged by researchers [11] [12] [13] [14] and 
industry players.  

Zhou et al. [14] examined the nano-crystallization of Ti-6AL-4V alloy pro-
duced via various LSP impacts. They [14] cited the existence of nano-crystalline 
in the metal alloy’s top region. In addition, Zhou et al. [15] studied how repeated 
impacts affected the mechanical property and fatigue fracture morphology of 
6061-T6 aluminum employed by laser shock peening (LSP). They established 
that as the LSP impacts increased, so did the state of residual compressive stress 
surface increased. In using a pulsed water jet peened on stainless steel surface, 
Srivastava M. et al. [16] investigated surface integrity and residual stress analysis. 
The outcome of the study revealed that due to the inhomogeneous plastic de-
formation generated by the pulsed water jet (PWJ) impact pressure and the wa-
ter hammering effect, distinct sections of the surface were discovered to have ir-
regularities and also a significant increase in the microhardness was observed 
with an initial hardness value from 347 HV to 570 HV. 

Furthermore, Lu et al. [17] investigated how the mechanical characteristics 
and wear behaviors of AISI 8620 steel were affected by numerous LSP impacts 
with various pulse energies. The experiment results showed that as the number 
of LSP impacts increased, surface microhardness and roughness also increased. 
Finally, Multiple LSP on the mechanical properties and corrosion resistance of 
shipbuilding 5083Al alloy was investigated by Wang, H. et al. [18] in a simula-
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tive seawater environment. They indicated that after the multiple LSP impacts, 
the surface roughness alongside the microhardness of the material increased 
with a simultaneous increase in impacts.  

Several studies have been performed on multiple LSP on metallic material. 
However, few researchers have focused on the effect of multiple impacts of LSP 
on surface integrity, mechanical property and microhardness on AA2024-T3 
aluminum alloy. This has necessitated the need to optimize and perform an 
in-depth study on the effects of multiple peening on surface integrity, micro-
hardness, and microstructure evolution. Varying the number of LSP impacts al-
ters the surface integrity, microhardness and subsequently the effect it has on 
microstructure evolution in relation to optimum LSP parameters. The transmis-
sion electron microscope (TEM) was used to analyze the microstructure evolu-
tion. The microhardness and surface roughness were also investigated and ana-
lyzed chronologically by the hardness tester and the 3D surface roughness ma-
chine, respectively. 

2. Experimental Methods 
2.1. Specimen Preparation  

The LSP experiment was performed on a square specimen with different peening 
impacts #1, #2 and #4 impacts, respectively. The square specimen size (width × 
length × thickness) 40 × 30 × 3 mm was wire cut and peened from a rolled sheet 
plate. The specimen was LSP treated with the same LSP parameters but different 
LSP impacts. The micro-strain and full-width half maximum (FWHM) were 
analyzed. Additionally, the specimen was also used to determine the microhard-
ness and surface roughness. In all, a total of eight square specimens were used. 
Before LSP, the specimens were ground with SiC abrasive material with varying 
rough to fine grit grades, ranging from #140 to #2500 sequentially. 

After, the specimen surface was polished using an ultrasonic polisher and then 
degreased in ethanol. To protect the surface material from the ablative effect of 
the LSP treatment, the treated area was covered with aluminum foil approx-
imately 120 mm thick and a water-confining layer of about 2 mm thick. Figure 1 
shows the square specimen used for the entire test.  

2.2. Material Used 

In this current study, the authors looked at a common material AA2024-T3 
aluminum alloy; thus, the addition of alloy element to pure aluminum and tem-
pering T3 to a process known as solution heat treatment, stress relieving at a 
controlled rate of stretching. The material is largely used in the aerospace indus-
try for fastening devices, aircraft fittings and in the automotive space for auto-
mobile structures. The study material was selected as a result of its sterling 
strength-to-weight ratio, formability and corrosion resistance.  

Table 1 and Table 2, represent both the chemical composition and mechani-
cal properties of the material. 
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Figure 1. (a) Square specimen (b) 3D Square specimen with LSP zig-zag scanning pattern (c) AA 2024-T3 specimen. 
 

Table 1. Chemical composition of Al2024-T3 aluminum alloy (wt%) [19]. 

Cu Mg Mn Si Fe Zn Cr Ti Al 

5.3 2.07 0.67 0.01 0.08 0.04 0.09 0.05 Bal. 

 
Table 2. Mechanical properties of Al 2024-T3 aluminum alloy [19]. 

Tensile stress (MPa) Yield stress (MPa) Elongation (%) 

461 327 29.5 

2.3. Experimental Setup 

THALES laser, is high intensity Q-switched Nd:YAG (neodymium-doped yt-
trium aluminum garnet) with about ~8 - 10 ns pulse width, 1.064 μm wave-
length, and a repetition rate of 5 Hz, was used for the LSP experiment. The out-
put of the laser beam profile is a flat top with a ~25 mm beam size. The LSP 
processing was performed under atmospheric conditions. Figure 2 shows the 
LSP experiment setup and Table 3 shows the LSP processing parameters used. 
Prior to LSP, the parameters estimated were based on the following mathemati-
cal equations. 

Laser induced pressure [20] [21]; 

( ) ( )2 1 20.01 g cm m GW cm
2 3 oP Z Iα
α

=
+

          (1) 

The peak density is expressed as in [22]; 
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=                            (2) 

Reduced impedance [23] [24]; 
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= +                          (3) 

Hugoniot Elastic Limit (HEL) [21]; 
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Figure 2. Illustration of LSP experiment. 
 

Table 3. LSP Processing parameters of Al 2024-T3 aluminum alloy. 

Specimen 
Number of 

LSP impacts 
Overlapping 

ratio (%) 
Laser Pulse 
Energy (J) 

Spot  
diameter 

(mm) 

Pulse  
width (ns) 

Laser  
wavelength 

(μm) 

Specimen0 0 0 0 0 0 0 

Specimen1 1 50 4 3 10 1.064 

Specimen2 2 50 4 3 10 1.064 

Specimen3 4 50 4 3 10 1.064 

 
Now, P denotes pressure induced via the shock wave (GPa), Z stands for the 

reduced shock impedance, while Z1 and Z2 stand for the metallic material’s 
shock impedance and the confining medium, respectively. α is the size of the la-
ser point in (cm2), and B is (21 or 10.1) depending on whether the medium is 
made of glass or water, respectively. oI  represents the laser power density 
(GW/cm2), E denotes the laser pulse energy in (J), d denotes the laser spot di-
ameter in (cm), τ is the pulse duration in (ns), The Poisson ratio is defined by v, 
and the dynamic yield strength at high strain rates is denoted by ( )dyn

yσ . 

2.4. Surface Roughness Measurement 

Prior to laser treatment, both specimens the untreated and LSP treated were 
rough and fine polished ranging from 300 - 1500 µm grit with silicon carbon 
abrasive material in sequent, then finely polished with silk cloth and ethanol. 
The 3D laser microscope (KEYENCE, VK-250) model was made in Japan.  

2.5. Microhardness Measurement 

HXD-1000TMSC/LCD microhardness testing machine was employed to meas-
ure the surface of the material prior to and after laser shock peening. The speci-
mens’ surface was prepared as described in the surface roughness preparation 
section. The study was performed based on standard test ASTM standard 
E92-82. Ten different measurements were carried out and the average was rec-
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orded. 1.96 N load and time of 10 seconds were used. 

2.6. XRD Diffraction (XRD) and Phase Analysis  

The XRD analysis for both untreated and LSP treated specimens used the fol-
lowing parameters; Cu-Kα radiation 40 kV, scan rate 5˚/min, step size 0.02, 30˚ 
≤ 2θ ≤ 120˚ and 1.540598 Å radiation source and frequency, respectively. In the 
study, four lattice planes were fully considered which are α-Al {111}, {200}, {220} 
and {311}. The full with half maximum (FWHM) of the Bragg diffraction peaks 
was calculated from the average grain size using William-Scherer [25] Equation, 

cos n4 siKFW
D
λθ ε θ× + × ×=                   (5) 

Now, from Equation (5) grain size denotes D, Scherer’s factor of the lattice 
constant K, (K = 0.9) when it is assumed to be in the shape of a sphere, lambda 
denotes wavelength for the X-ray, where λ (λ = 1.5418 Å), the micro-strain is 
denoted by ε, and finally, theta is the Bragg angle, θ. 

3. Results and Discussions  
3.1. Surface Integrity Analysis 

The surface integrity changes of AA2024-T3 aluminum alloy prior to, and after 
LSP treatment is compared and evaluated. Figure 3 represents the 3D surface 
contour roughness of the aluminum alloy prior to and after the LSP process with 
different processing impact. The impact of LSP and the subsequent effect on the  
 

 
Figure 3. 3D surface contour roughness: (a) untreated, (b) 1 × LSP impact, (c) 2 × LSP impacts, and (d) 4 × LSP impacts. 
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specimen was used as a measure of surface flatness. The superficial layer of the 
LSP treated specimen profile shows enhance surface roughness because the spe-
cimen understudy is a soft material and the presence of plastic deformation in-
duced after LSP is caused by the high pressure indentation from the shock-
waves. The LSP treated specimens’ shows visible signs of valleys, wavy and va-
rying height distribution as well as dimples, this as a result of the increasing LSP 
impacts.  

Furthermore, results from the material’s plastic flow during LSP demonstrate 
that higher shock pressure levels exceed the material’s Hugoniot Elastic Limit 
(HEL). Wang, H. et al. [18], Shu, S. et al. [26], and Maharjan, N. [27] published 
studies with comparable findings. In addition, the presence of non-uniform and 
sharp protrusions was observed from the top layer of the untreated material and 
this was obvious because of the SiC abrasive material used to polish the superfi-
cial layer of the specimen before the test experiment. After 1 impact, there was a 
decrease in the sharp protrusions, followed by further decrease after 2 and 4 im-
pacts, indicating that LSP can reduce sharp protrusions. Shen et al. [28] reported 
of similar results. The reason for the suppression of wavy peaks to valleys is the 
use of laser shot indentation. It was observed that after 1 LSP impact, the speci-
men’s top surface generated micro-grooves and dimples that resulted in the in-
crement of the top surface roughness. The untreated specimen recorded a 
roughness (Ra) value of 2 μm but subsequently increased to 4 μm after 1 impact. 
However, the presence of plastic deformation produced by LSP is what caused 
the surface roughness to increase. The surface roughness increased to 6 μm, then 
afterward to 17 μm from 2 to 4 impacts, respectively.  

Additional investigation of the profile by the confocal microscope is shown in 
Figure 4. A height profile of 179 µm for the untreated specimen was measured 
scattering between 12 µm - −12 µm. After 1 impact, the surface roughness scat-
tering increased between 20 µm - and −20 µm. However, when the LSP was in-
creased to 2 impacts the surface roughness scattering further increased between 
34 µm - −34, and 40 µm - −40 µm for 2 and 4 impacts, respectively. This incre-
ment is the result of the multiple impacts on the aluminum alloy specimen. This 
study confirms the results of Luong et al. [29] who reported that the surface 
roughness of the understudy aluminum alloy 7075-T7651 material increased 
from the initial average of 0.444 to 0.519 µm after 3 LSP scans.  

The surface roughness measurement shows that the LSP-treated specimens 
were significantly increased due to ablation and melting effect. Rozmus [30] 
stated that the surface roughness of Ti-6Al-4V alloy was increased between 0.1 
to 0.82 µm after LSP.  

Figure 5(a) shows the optical micrograph of the untreated specimen surface 
roughness whereas Figures 5(b)-(d) show the corresponding surface roughness 
effect after LSP. The surface demonstrates shallow depressions generated after 
LSP, which reveal that the material has undergone substantial plastic deforma-
tion. 
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Figure 4. Surface cross-sectional profile: (a) untreated, (b) 1 × LSP impact, (c) 2 × LSP impacts, and (d) 4 × LSP impacts. 
 

 
Figure 5. Optical micrograph of specimens prior to and after the LSP process. (a) Untreated 
(b) 1 × LSP impact (c) 2 × LSP impacts (d) 4 × LSP impacts on surface roughness. 

3.2. TEM Observation 

The TEM morphology was performed on the superficial layer at a depth between 
0.1 to 0.2 µm as represented in Figures 6(a)-(c) showing dislocation cell, disloca-
tion density, high-density dislocation line and grain boundary of the LSP-treated 
specimens. High-density dislocation could be observed close to the grain boun-
dary because the grain boundary prevents the migration of dislocation which 
could lead to dislocation walls and tangles. From Figures 6(a)-(c), the 4 × LSP 
impacts were observed to have a greater dislocation density. This show that the 
superficial layer of AA2024-T3 aluminum alloy could experience substantial 
plastic deformation from LSP, which resulted in high-dislocation tangles and re-
sidual compressive stress in the interior grain. This principle explains the high 
strain rates induced by LSP treated specimens. Lu et al. [31] investigated how 
various LSP effects on the LY2 Al alloy affected the microstructure evolution and 
grain refinement mechanism. The changes of the DTs into sub-grain boundaries 
and the transformation of the dynamic recrystallization in sub-grain boundaries 
were to enhance the grain boundaries.  

3.3. Effects of Multiple LSP Impacts on Mechanical Properties 
3.3.1. XRD Diffraction and Phase Analysis  
Figure 7 shows the XRD pattern analysis for both untreated and LSP treated  
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Figure 6. TEM bright field image. (a) 1 × LSP shot, (b) 2 × LSP shots, and (c) 4 × LSP shots. 

 

 
Figure 7. XRD pattern of the untreated and the LSP-treated specimens (a) Graph pattern (b) Magnified graph pattern. 

 
materials. The results show that the width of FWHM peaks broadens as a result 
of multiple LSP impacts. The broadening effect was because of dislocation den-
sity resulting from micro- and high-strain plastic deformation in the peaks and 
crystal lattice [28] [30] and also grain refinement [22]. In addition, there were no 
additional diffraction peaks, crystalline phase and phase change observed after 
multiple LSP processes.  

The increase in impact decreases the average grain size, nonetheless, the mi-
cro-strain increases after every multiple impact. Also, coarse grains after LSP 
were changed to finer grains which are attributed to the laser peening process. 

Figure 8 shows the micro-strain and FWHM for AA2024-T3 aluminum alloy. 
The increase in multiple impacts increases the micro-strain likewise the FWHM. 
The peaks of the FWHM α (111), α (200), α (220) and α (311) for the untreated 
specimens were 0.1620, 0.1240, 0.1564 and 0.1456, respectively. However, after 
LSP 4 impacts the FWHM peaks α (111), α (200), α (220) and α (311) were en-
hanced to 0.298, 0.283, 0.284 and 0.350, respectively. 
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Figure 8. Micro-strain and FWHM of AA2024-T3 aluminum alloy. 

3.3.2. Microhardness Analysis 
Figure 9 shows the microhardness of the untreated and LSP treated material 
measured along the length of the superficial layer. Results of the microhardness 
experiment revealed that the metallic material is resistant to indentation due to 
elastic plastic deformation [32] of the specimen. The microhardness for the un-
treated specimen understudy measured was 137 HV at normal room tempera-
ture. However, after 1 LSP impact, the hardness level was significantly enhanced 
to 168 HV, which shows an increment of 23% at the same prevailing room tem-
perature. The increase to 2 LSP impact increased the hardness to 177 HV result-
ing in a 29% increment. Finally, the increase in the multiple impacts to 4 in-
creases the hardness surface level to 190 HV, thus, resulting in a significant in-
crease of 39%. This demonstrates that the hardness value increases as the num-
ber of LSP impacts increase resulting from grain size reduction or refinement,  
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Figure 9. Microhardness surface profile on the cross-sectional view for untreated and 
LSP treated aluminum alloy. 
 
dislocation density [33] [34] [35] and elastic plastic deformation [28] [32] on the 
surface of the material. Similar results are reported in the literature [16] [36]. 
Simge et al. [37] stated that the hardness for the untreated alloys for AA 6061-T6 
via LSP was 97 HV. However, the highest hardness value for the LSP specimen 
was 118 HV. In their view, the impact from the high pressure laser irradiated the 
plastically deformed surface resulting in work hardening. Ren et al. [38] also 
stated that the hardness level impact by LSP was significantly enhanced in-depth 
with a gradual decrease.  

4. Conclusions  

The study looked at the effects of multiple LSP on surface integrity and micro-
hardness of AA2024-T3 aluminum alloy. The study concludes on the: 

Firstly, similar trends of the surface topography were exhibited just like the 
microhardness. The surface roughness increased as the number of times the LSP 
impact increased. 

Secondly, there was no phase transformation after multiple laser shock peen-
ing impacts as observed from the XRD patterns. The broadening of the peaks 
meant grain refinement and dislocation multiplication as a result of the high 
strain rate and plastic deformation induced by LSP. 

Finally, the microhardness value shows a good correlation that as the number 
of multiple impacts increased, both surface roughness and hardness increased 
with depth until they both reached their saturated limits. 

Further research can be performed to investigate the fatigue life and other 
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mechanical property on the surface enhancement. 
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