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ABSTRACT 

 
This work explores the impact of Laser Shock Peening (LSP) on the 

mechanical state of AA2024-T351 specimens used in the aerospace industry. 

Numerical simulations, conducted using ABAQUS/Explicit and based on the 

Johnson-Cook behavior model, examine the residual stresses and plastic 

deformations induced by a single circular laser impact. The results reveal that 

LSP, with a peak pressure of 3 GPa and a pulse duration of 25.8 ns, induces 

surface hardening and anisotropic compressive stresses, enhancing fatigue 

resistance. In-depth analysis shows that damage is concentrated around the 

impact center, remaining below 0.03. This study highlights the importance of 

optimizing LSP parameters to maximize its benefits while minimizing 

damage, thus contributing to the improved durability of aeronautical 

structures. 
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I. INTRODUCTION 
 

Aluminum alloys, such as 2024-T351, are widely 

used in the aerospace industry due to their favorable 

strength-to-weight ratio and good fatigue resistance [1-3]. 

However, for demanding applications like aircraft fuselage 

structures, the surface mechanical properties must be 

optimized to prevent crack initiation and propagation 

under cyclic loading. Laser Shock Peening (LSP) is a 

promising technique for inducing compressive residual 

stresses in the surface layers of materials, thereby 

enhancing their fatigue resistance without compromising 

ductility [4-6]. 

The LSP process relies on the use of a high-energy 

pulsed laser beam to generate plasma confined at the 

material’s surface. This rapid plasma expansion creates a 

shock wave that hardens the surface by modifying the 

microstructure, inducing compressive stresses beneficial 
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for fatigue resistance [7]. In aluminum alloys, this 

technique has shown significant potential to limit plastic 

deformations and damage, especially in areas subjected to 

high stresses [8]. 

Numerical models, particularly the Johnson-Cook 

behavior model, are essential for simulating and 

understanding the effects of LSP on materials under 

dynamic loads. This model accounts for the effects of 

stress, strain rate, and temperature, enabling realistic 

predictions of material responses under extreme loading 

conditions [9, 10]. Using material-specific parameters for 

AA2024-T351, the numerical model developed in this 

study employs ABAQUS/Explicit software to simulate the 

impact of a circular laser shock on a 2 mm thick specimen 

[11]. This simulation determines the distribution of 

residual stresses and plastic deformations with precision 

grounded in material behavior laws [12]. 
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LSP is particularly advantageous for aerospace 

applications, where structural integrity and durability are 

critical. By inducing compressive residual stresses, this 

technique reduces the risk of cracking in critical areas 

exposed to high fatigue cycles. Moreover, LSP does not 

significantly alter surface roughness, which is 

advantageous in contexts where strict surface finish 

tolerances are required [13,14]. Studies show that stress 

distribution is influenced by LSP parameters, such as laser 

pressure and pulse duration, allowing precise control over 

the desired mechanical effect [4,15]. 

Laser Shock Peening (LSP) has been widely 

recognized as an effective technique for enhancing the 

surface properties of metallic materials. A detailed review 

by Montross et al. [16] emphasizes the significant 

alterations in the mechanical behavior of metals resulting 

from LSP. The rapid plasma expansion induced by the 

laser generates a shock wave that propagates through the 

material, leading to deformation and an increase in 

compressive residual stresses near the laser-treated surface 

[13]. 

Studies have confirmed that LSP improves key 

surface characteristics, including hardness, fatigue 

resistance, wear resistance, and corrosion protection, in 

various metals such as titanium and magnesium alloys, 

stainless steel, and aluminum alloys [17-19]. 

Moreover, comparisons between experimental results 

and simulations demonstrate that the accuracy of the 

Johnson-Cook model is crucial for predicting stress 

distribution and damage under laser shock [20]. 

This study explores the potential of LSP in 

optimizing the mechanical properties of aluminum alloys 

by evaluating shock wave propagation effects and 

analyzing critical parameters to maximize the benefits of 

this treatment. Through robust numerical modeling, this 

research provides valuable insights for advanced 

aerospace applications, paving the way for future 

developments in integrating LSP into the manufacturing 

processes of critical components. 

Aluminum alloys, such as 2024-T351, are widely 

used in aerospace applications due to their favorable 

strength-to-weight ratio and excellent fatigue resistance. 

However, critical structures like fuselages require 

optimized surface mechanical properties to prevent crack 

initiation and propagation under cyclic loading. 

 

Laser Shock Peening (LSP) stands out as a promising 

technique by generating compressive residual stresses 

without compromising the material ductility. This method 

relies on the generation of high-pressure shock waves, 

which alter the microstructure of surface layers to enhance 

their durability. Moreover, it has been observed that the 

out-of-plane deformation induced by LSP increases 

significantly as the sample thickness decreases [21]. 

To better understand these effects, numerical models, 

particularly the Johnson-Cook behavior law, provide 

valuable capabilities for accurately predicting the 

mechanical responses of materials subjected to extreme 

dynamic loads. This study aims to evaluate how a single 

laser impact influences critical mechanical properties 

using a robust numerical simulation approach. The results 

will contribute to optimizing LSP parameters for 

demanding industrial applications. 

Although LSP is recognized for its efficiency in 

enhancing material durability through the generation of 

residual stresses, previous studies [22-27] have shown that 

its parameters directly influence the distribution of these 

stresses. However, their impact on material damage 

remains underexplored. This study addresses this gap by 

evaluating damage, a critical factor in ensuring the 

durability of components subjected to high fatigue cycles, 

such as aerospace parts. Material damage in this context 

refers to the accumulation of microstructural defects (e.g., 

voids, dislocations) quantified by the Johnson-Cook 

damage parameter (D), where D = 0 indicates no damage 

and D = 1 represents fracture. 

 

II. PROPERTIES OF AA2024-T351 
 

During a laser shock process (LSP), the pressure is 

applied for ultra-short durations (less than 200 ns), and the 

surface of the material undergoes a high shock pressure 

(greater than 1 GPa) with a strain rate on the order of 10⁶ 

s⁻¹. 

To describe the material’s constitutive behavior and 

its sensitivity to strain rate and/or pressure, several models 

have been developed. 

In 1983, Johnson and Cook [28] were the first to 

propose an empirical relationship that accounts for the 

influence of temperature (T) and strain rate (ε̇) on the 

behavior of materials. 

 

𝛔 =               [𝐀 + 𝐁𝜺𝒑
𝒏]⏟                          .                  [𝟏 + 𝐂. 𝐥𝐧 (

𝜀̇ 

𝜀̇ ₀
)] 

⏟          
               .              [𝟏 − (

𝐓−𝐓𝒕

𝐓−𝐓𝒇
)
𝒎

]
⏟        

                    (1) 

Elasto-plastic with hardening          Plastic strain rate            Temperature effect 

 

 

where σ is the equivalent stress and ε is the equivalent 

plastic strain. The material constants are A, B, n, C, and m. 

A is the yield strength of the material under reference 

conditions, B is the strain hardening constant, n is the 

strain hardening exponent, C is the strain rate sensitivity 

coefficient, and m is the thermal softening coefficient. 

The Johnson-Cook parameters for AA2024-T351 

used in this study are provided in Table 1. Similarly, 

Young’s modulus 𝐸, Poisson’s ratio 𝜈, and density 𝜌 are 

the key factors influencing the elastic propagation of the 

shock wave in our study, as shown in Table 2.  

The Johnson-Cook damage model [29] provides a 

cumulative damage law, there are three parts to the failure 

model: 
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ε𝑓=  [𝐷1 + 𝐷2 exp (D3 exp (
σm

σeq 
))  ]

⏟                    
        .       [1 + 𝐷4𝑙𝑛(̇

∗
𝑝)]⏟                 .                [1 + 𝐷5T

∗]⏟                            (2) 

     Influence of triaxiality        Influence of strainrate     Influence of temperature  

 

 

T* = 
T−Tr

Tm−Tr 
                                  (3) 

 

where D1 to D5 are the damage model constants, ε𝑓 is the 

plastic failure strain, σm is the mean stress, σeq is the 

equivalent stress, ̇∗𝑝 is current strain rate divided by the 

input reference strain rate, T∗ is the non-dimensional 

temperature, and Tm and Tr are the melting temperature 

and the room temperature, respectively. 

The damage of an element is defined based on a 

cumulative damage law and can be represented linearly as 

shown below: 

D = ∑
∆𝜀

𝑓
                                    (4) 

 

where Δε is the increment of equivalent plastic strain.                                      

The Johnson-Cook (JC) model coupled with damage 

was chosen for this Laser Shock Peening (LSP) study due 

to its proven ability to simulate high-strain-rate 

deformation and progressive material failure under 

dynamic loading conditions like those induced by LSP. 

The Johnson-Cook damage parameters are presented in 

Table 3. 

 

Table 1 Johnson-Cook Law Parameters for AA2024-T351 
 

Material A [MPa] B [MPa] N m Tf [K] Tt[K] C 𝜀0̇[1/s] 

AA 2024-T351 369 689 0.73 1.7 775 293 0.0083 1.0 

 

 

Table 2 Input Parameters for AA2024-T351 with Elastic Behavior 
 

Material Density 𝜌 [g/cm3] Young's Modulus [MPa] Poisson's Ratio 

AA 2024-T351 2.750 72000 0.3 

 

 

Table 3 Johnson-Cook Damage Parameters 
 

D1 D2 D3 D4 D5 

0.31 0.045 -1.7 0 0.005 

 

 

III. NUMERICAL SIMULATION  

OF LASER SHOCK 
 

The model was developed using the commercial 

software Abaqus [30]. An AA2024-T351 specimen with a 

thickness of 2 mm was modeled, subjected to a 

confinement pressure of 3 GPa and a laser spot diameter 

of 0.9 mm. Boundary conditions were carefully defined to 

prevent non-physical reflections—artificial wave 

rebounds at boundaries caused by inadequate mesh design 

that can distort the simulated stress fields. A fixed base (U1 

= U2 = U3 = UR1 = UR2 = UR3 =0) was applied to mimic the 

energy absorption behavior of a large, semi-infinite 

specimen (Figure 1). The geometric dimensions were 

chosen to be sufficiently large compared to the impact 

zone to eliminate edge effects and wave reflections within 

the bulk material. 

The material behavior under shock loading was 

assumed to follow a Johnson-Cook model coupled with 

damage [29]. The applied loading consisted of a quasi-

instantaneous, time-varying pressure P(t) (Equation 5), 

with a non-uniform distribution reaching its maximum at 

the spherical center (Figure 2). This distribution helps 

reduce shear stresses at the edge of the impact zone [24]. 

 

P(r, t) = P(t)√1 − 0.5 (
x2

R2
+
y2

R2
)                (5) 

 

where P(t) is transient pressure, R is spot radius (0.45 mm), 

and x, y are spatial coordinates.   

Figure 3 present a normalized pressure profile 

applied for different durations at half-maximum of the 

pulse (FWHM) [31]. FWHM (Full Width at Half 

Maximum) represents the pulse duration of the temporal 

pressure profile, measured at half its peak amplitude. 
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Figure 1 Boundary conditions for the specimen impacted by LSP 

 

Figure 2 Quasi-spherical spatial distribution [23] 
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Figure 3 Normalized impact pressure-time profiles for different FWHM [31] 
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Fabbro et al. [32] developed an analytical formulation 

(Equation 2) that links the maximum pressure (expressed 

in GPa) to the incident laser flux. 

 

𝑃(𝐺𝑃𝑎) = 0.01√
𝛼

2𝛼+3
√𝑍𝐼0                     (6)  

                                 

where 𝛼 is the proportion of energy contributing to the 

pressure rise in the plasma, I0 is the laser intensity 

(expressed in GW/cm²), and Z is the reduced impedance 

of the two materials, expressed in g·cm⁻²·s⁻¹ and given by: 

 

𝑍 =
2𝑧1 𝑧2

𝑧1+𝑧2
                                    (7)  

                                            

 Figure 4 shows the evolution of the impact pressure 

as a function of the laser power intensity. 
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Figure 4 Evolution of pressure with laser intensity. (𝛼 ≈ 0.27, 𝑧𝐴𝑙 = 1.5x10

6 and 𝑧𝑤𝑎𝑡𝑒𝑟 = 0.165x10
6) 

 

 

IV. RESULTS AND DISCUSSION 
 

4.1 Shock Wave Propagation 

The laser shock process relies on concentrating a 

high-power pulsed laser beam (on the order of several 

gigawatts per square centimeter) on the surface of the 

materials to be treated. This results in work hardening at 

the surface layers, recorded as surface hardening due to 

microstructural changes caused by the propagation of a 

shock wave. These actions lead to the creation of residual 

stress profiles that are extremely beneficial for the fatigue 

resistance of mechanical components. Figures 5 and 6 

illustrate the shock wave progression through the material 

along the x and y axes, respectively, over a period of 1000 

nanoseconds. The compression gradually propagates 

downward and towards the edges of the treated zone. 

During the interaction between the laser and the material, 

the rapid expansion of the plasma generates uniaxial 

compression in the irradiated zone, along the shock wave 

direction, as well as expansion (stretching) of the surface 

layers. At the end of the laser pulse, the surrounding 

material reacts to the volume change and generates 

compressive residual stresses in the irradiated zone. These 

stresses are crucial for enhancing the mechanical 

properties, particularly the fatigue resistance of the 

material. A significant heterogeneity in the residual stress 

state at the surface was observed, which gradually 

decreases as one moves deeper into the subsurface. One of 

the key results revealed is the anisotropy of the residual 

stress field in most cases, where the residual stress values 

σ11 (along the primary treatment direction) are lower than 

the residual stress σ22 (perpendicular to the treatment 

direction). 

 

 
0 ns                              250 ns                           500 ns 
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 750 ns                               1000 ns 
 

Figure 5 Propagation of the shock wave σ11 during the loading step (FWHM=25.8 ns, ∅spot=0.9 mm, Pmax=3 
GPa) 

 
 

 
0 ns                              250 ns                           500 ns 

 

   
750 ns                               1000 ns 

 
Figure 6 Propagation of the shock wave σ22 during the loading step (FWHM=25.8ns, ∅spot = 0.9 mm, Pmax=3 

GPa) 
 

 

4.2 Evolution of Johnson-Cook Damage 

Considering the contribution of surface damage to 

fatigue behavior is crucial, as this factor can influence 

crack initiation. Figure 7 shows the distribution of 

Johnson-Cook damage over a period of 1000 ns. The 

maximum values are often centered around the vicinity of 

the laser spot center. For a single laser impact within the 

tolerated treatment ranges, the damage is generally less 

than 1. The maximum observed value is 0.027, which is 

achieved with the following impact parameters: 

FWHM=25.8 ns, ∅spot=0.9 mm, Pmax=3 GPa. 

Additionally, it is observed that the damage remains stable 

after a shock pulse duration of 250 ns. 

To confirm the conclusion presented in the previous 

paragraph, Figure 8 illustrates the variation of Johnson-

Cook damage along the X and Y spot axes. The overall 

damage remains very low, indicating limited material 

degradation. The observed asymmetry between the two 
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profiles is not unexpected and can be attributed to the 

anisotropic nature of the residual stress field and large 

surface stress gradients induced by the LSP process. This 

anisotropy is consistent with experimental observations 

[22,23], already investigated analytically [22,33-34], 

where differences in material response and shock wave 

propagation direction lead to slight deviations in damage 

distribution. The evolution of Johnson-Cook damage with 

depth is represented in Figure 9. It is important to note that 

the surface damage concentrated at the laser impact does 

not cause damage to the overall part. Therefore, the laser 

shock does not affect the internal damage of the target. For 

aerospace components, the JC damage model’s ability to 

predict subcritical damage (e.g., D=0.027) ensures that 

LSP parameters can be optimized to enhance fatigue life 

without risking spallation or excessive surface degradation. 

 

 

           
0 ns                                          250 ns                          

 

 

   
               500 ns                                      750 ns 

 

 

 
1000 ns 

 

Figure 7 Johnson-Cook damage for a circular impact with the following parameters: FWHM=25.8 ns ∅spot=0.9 
mm, Pmax=3 GPa 
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Figure 8 Damage profile with depth for a single circular impact with the following parameters: FWHM=25.8 ns, 
∅spot=0.9 mm, Pmax=3 GPa 
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Figure 9 Damage profile with depth for a single circular impact with the following parameters: FWHM=25.8 ns, 
∅spot=0.9 mm, Pmax=3 GPa 

 

 

4.3 Energy Histories 

Energy balance is often crucial when analyzing a 

material's behavior during an impact using the 

Abaqus/Explicit computational code [30,35]. 

Comparisons between the different energy components 

can be useful for assessing whether an analysis provides 

an adequate response. 

During the single impact LSP process, the total 

external work of a pulsed pressure on the material surface 

is converted into kinetic energy, internal energy, and 

viscous energy. The history of these energies is presented 

in Figure 10. Kinetic energy and internal energy increase 

sharply to a certain value and then remain stable, gradually 

approaching 0.18 mJ and 3.32 mJ, respectively, while the 

dissipated viscous energy increases significantly and 

eventually stabilizes at around 0.65 mJ. 

Internal energy includes both elastically stored 

energy and plastically dissipated energy. Figure 11 shows 

how the total internal energy from the different modes 

changes as the shock waves propagate through the treated 

material. The plastically dissipated energy increases 

significantly over a period of 300 ns and remains stable at 

1.5 mJ, while the elastically stored energy gradually 

decreases from 2 mJ to 1 mJ after 1000 ns. Elastic energy 

decreases as residual stresses relax, while plastic energy 

stabilizes once yielding completes (~300 ns). The 

saturation of plastically dissipated energy implies that no 

further plastic deformation occurs in the material after a 

dissolution time of 1000 ns (energy saturation indicates 

plastic deformation cessation after 1000 ns). 
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Figure 10 History of total external work, internal energy, kinetic energy, and dissipated viscous energy during 
the process 
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Figure 11 History of internal energy, plastic energy, and elastic energy 
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4.4 Surface Indentation 

 In general, the laser shock does not significantly 

alter the initial roughness of the treated material. In reality, 

rather than roughness, the shocked surface exhibits a 

waviness due to the indentation of the material subjected 

to the shock wave. 

The formation of residual stresses induced by LSP 

occurs in two stages: 

The material undergoes uniaxial indentation during 

the laser-material interaction. 

After the pulse dissipates, compressive stresses are 

created around the impacted volume. 

An example of an experimental/simulation 

comparison of material indentation is presented in Figures 

12.a and 12.b. Figure 13 shows the evolution of surface 

deformation (indentation) along the X and Y axes of the 

spot in our numerical simulation under the following 

conditions: FWHM = 25.8 ns, spot diameter = 0.9 mm, 

Pmax = 3 GPa. Whether considering the indentation values, 

the general shape of the profiles, or the height of the bulges, 

this result allows us to validate our model. Based on Figure 

13, we can assert that the shock is asymmetric. 

 

 

   
(a)                                               (b) 

 

Figure 12 (a) Simulation of a laser impact on 6056-T4 (6-7 GW/cm² = 4 GPa) with different spatial distributions, 
(b) simulation of a laser impact (7 GW/cm² = 4.5 GPa) on 2050-T8. Curves 1 to 4 are obtained with 
different pressure profiles. Curve number 5 is obtained by profilometry [23] 

 

 

Figure 13 Evolution of surface indentation along the two axes of the impact 

 

4.5 Plastic Deformation 

 When the peak pressure of the shock wave exceeds 

the dynamic elastic limit of the treated material, it induces 

extensive plastic deformation in the metal. This 

deformation directly results from the residual stresses. 

Figure 14 shows the variation in equivalent plastic 

deformation (PEEQ) for a single impact. It is observed that 

the maximum amplitude of plastic deformation is located 

near the surface treated by the laser shock. 

The Johnson-Cook model has proven effective in 

capturing the mechanical responses under laser shock, 

particularly by predicting high strain rates and a realistic 

distribution of residual stresses. 
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Figure 14 Equivalent plastic deformation profile in depth 

 

 

V. CONCLUSIONS 
 

This work demonstrated the significant impact of 

Laser Shock Peening (LSP) on the mechanical state of 

AA2024-T351 specimens, representing aerospace 

structures. Numerical simulations quantified the residual 

stresses and characterized the plastic deformations 

induced by LSP. The results indicate that the application 

of a single circular laser shock leads to surface hardening 

and the formation of anisotropic compressive residual 

stresses, enhancing fatigue resistance while limiting 

damage to negligible levels (< 0.03). 

The study highlighted the importance of optimizing 

LSP parameters, such as power and pulse duration, to 

maximize mechanical benefits while minimizing material 

damage. The use of the Johnson-Cook model to simulate 

the material behavior proved effective in predicting the 

complex mechanical responses during treatment. 

The findings provide clear recommendations for 

optimizing LSP parameters, ensuring improved structural 

integrity for critical aerospace components. They also 

pave the way for future research exploring the effects of 

LSP on other aluminum alloys and integrating this 

technique into advanced manufacturing processes for 

aerospace structures. In conclusion, LSP represents a 

strategic opportunity to enhance the durability and 

performance of mechanical components across the 

aerospace industry and beyond. 

While this study provides promising results, it is 

limited to a single laser impact. Future studies should 

investigate the effects of multiple impacts and incorporate 

experimental validations to confirm these numerical 

predictions. 
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