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Abstract

:

Laser shock peening (LSP) process parameters have an important influence on the strengthening effect. In this study, theoretical calculations were used to determine a suitable range of stress wave peaks (5.09 GPa–6.36 GPa) for laser shocking, which consider the material properties of alloy steel 40Cr. In addition to theoretical calculations, the finite element numerical simulation of a single-point laser shock was also performed. The residual stresses of specimens under different shock pressure waves were simulated, and then the optimal pulse width was determined as 20 ns and the optimal pulse energy was determined as 10 J. Finally, the influences of different pulse energies on the microhardness, residual stress, microstructure, and shock-affected layer thickness of metallic materials were comprehensively investigated through experiments, and the optimization of the laser shock energy was proved to be 10 J. An optimized combination of parameters of a single-point laser shock for 40Cr was obtained, in which the spot diameter was 3 mm, the pulse width was 20 ns, and the pulse energy was 10 J. The study has implications for the selection of LSP process parameters for alloy steels.
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1. Introduction


Laser shock processing (LSP) is a mechanical surface treatment process used to shock the surface of a part. During LSP, strong laser-induced shock waves generate plastic deformations on the part’s surface layer, and residual compressive stresses and grain refinement are introduced into the component, improving its mechanical properties [1,2,3]. LSP has been studied globally, with many studies reporting the significant strengthening effects that LSP can induce in metal specimens such as aluminum alloys, stainless steels, alloy steels, carbon steels, titanium alloys, and nickel-based high-temperature alloys [4,5,6,7,8,9,10]. All studies demonstrated that LSP could inhibit the initiation and expansion of fatigue cracks in materials, thus extending the life of parts effectively. Currently, the technology is widely employed in equipment generation for industries such as aerospace, maritime, nuclear energy, and other fields.



In recent years, with the advancement of LSP research, maximizing the strengthening effect of laser shocks has become a popular goal for many researchers. Experiments into this area have shown that the laser shock process parameters significantly influence the effect of shock strengthening [11,12,13,14]. For instance, Kumar et al. [15] found that with an increasing number of laser shocks, there was a greater effect on increasing the high-temperature oxidation resistance of P91 steel. Zhi et al. [16] and Zhaoru et al. [17] investigated the impacts of variations in laser pulse energy and a higher number of laser shocks on the residual compressive stress, hardness, microstructure, and fatigue life of aluminum alloy specimens. Furthermore, Siddaiah et al. [18] investigated the influence that variation in laser power density had on the surface roughness and friction properties of magnesium alloys. As with shot peening, more LSP, or more intense LSP, is not necessarily better in terms of extending life. In the case of LSP, the resulting residual stress state is also known to exhibit a fair degree of variability [19]. Umapath et al. [20] experimentally investigated laser power density increases to a certain value, and the residual stress region decreased. The residual compressive stress is one of the important factors affecting the fatigue life [21]. Related research supports the conclusion that the selection of the laser shock process parameters influences the effect of shock strengthening observed in LSP, and variation in laser pulse energy/power density appears to have the most significant influence [22]. However, there are few studies on the optimal parameter combination of laser shocks.



The large-area laser shock of parts was accumulated by a single point shock. In this study, the influences of the LSP parameters of 40Cr were comprehensively investigated via theoretical calculations, numerical simulations, and experiments. Theoretical calculations were used to determine the appropriate ranges of the peak value of the laser shocking stress wave for 40Cr. Finite element numerical simulation of a single point shock was conducted to examine the mechanical response of material with different shock waves. The microhardness, residual stress, microstructure, and shock-affected layer thickness resulting from different pulse energies were examined through experiments. The machining mechanism of the laser shocks was analyzed, and the optimal parameters of laser shocking were obtained by comprehensive analysis.




2. LSP


2.1. Laser-Induced Plasma Shock Effect


During the LSP, a combination of high peak power density and short pulses of a high-energy laser beam is directed on the absorption layer above the metal surface. The absorption layer absorbs this energy and instantaneous vaporization occurs, almost simultaneously forming high-temperature and high-pressure (>1 GPa) plasma shock waves. These shock waves then propagate into the specimen with the constraints of the constraint layer. Plastic deformation at an ultra-high strain rate occurs, forming a residual compressive stress layer at a specific depth and causing microstructural changes [23,24,25]. A schematic of LSP is shown in Figure 1.



The laser beam used for LSP is a nanosecond laser. The Q-switched Nd:YAG high-power pulsed laser system is used in this study, and the wavelength is 1064 nm. The spatial energy distribution of the laser is a flat top, and the intensity of the laser beam energy is approximately evenly distributed in the spot region. Due to the uniform energy distribution of the laser beam within the spot range, it is assumed that no radiation loss occurs. During the unconstrained laser shock, the relationship between the shock wave pressure and the laser power density was obtained through a set of hydrodynamic equations [26] as follows:


  P =       2    γ b  − 1        2 3       γ b  + 1    ρ 1      1 3     P 1      2 3     



(1)




where    P 1    is the laser power density;    γ b    is the adiabatic index of the plasma; and    ρ 1    is the gaseous density of the shock wave.



The shock wave pressure within the spot range of the spatial distribution can be calculated from Equation (1) when the gaseous density of the shock wave is known. The LSP shock load is induced with the thermal expansion of laser pulse-induced plasma, which is related to the laser power density and the duration of the laser pulse. According to the research of Fabbro et al. [27], the peak pressure of the laser pulse-induced plasma (Pmax) can be estimated by


   P  m a x   = 0.01    α  2 α + 3      Z     I 0     



(2)






   2 Z  =  1   Z 1    +  1   Z 2     



(3)




where Z1 and Z2 are the reduced shock impedances of the confining medium and the target material, Z1 = 2.39 × 105 g/(cm⋅s) for water and Z2 = 4.58 × 106 g/(cm⋅s) for 40Cr alloy steel, α represents the efficiency of the interaction between the laser pulse-induced plasma and target material, and α = 0.4 in this work [27]; I0 is the laser power density and can be estimated by


   I 0  =  W  τ · π  r 2     



(4)




where W is the laser energy, r is the radius of the spot, and  τ  is the duration of the laser pulse.



The duration of the laser-induced shock wave is approximately 2–3 times greater than the laser pulse width [28]. In this type of pressure pulse, pressure rises rapidly at first and then decreases gradually. The schematic depicting the time course of the laser-induced shock wave pressure is shown in Figure 2.




2.2. Mechanical Analysis of Specimens under the Action of Laser Shock Waves


The laser-induced high-pressure shock wave cannot escape outward. It can therefore only act upon the surface of the specimen with the confinement of the constraint layer. As displayed in Figure 3a, the shock wave produces uniaxial compressive stresses along the direction of propagation, while tensile stresses act in a direction parallel to the material’s surface. Due to the high pressure of the shock wave, the surface layer of the shocked specimen undergoes plastic deformation at an ultra-high strain rate. Residual compressive stress is generated in the shock-deformed material to resist this deformation (Figure 3b).    σ  xx     and    σ  yy     indicate residual stresses and arrows indicate directions.



As soon as the laser-induced shock pressure during LSP reaches a pressure higher than the dynamic yield strength of the material (Hugoniot Elastic Limit,    σ  H E L    ), plastic deformation and compressive residual stress occur in the surface subsurface layer of the specimen. According to Johnson et al. [29], the formula for    σ  H E L     can be expressed as


   σ  H E L   =   1 − ν   1 − 2 ν    σ  d y    



(5)







The material    σ  H E L     can be calculated with Poisson’s ratio  ν  and the dynamic yield strength    σ  d y     of the material. The LSP technology can produce a high strain rate of the material, up to 106 S−1, and the dynamic yield strength is usually about 2–4 times that of the static one [30].



Based on the peak shock wave pressure and    σ  H E L    , the plastic deformation εp [31] on the surface of the LSP specimen can be obtained from


   ε p  =   − 2  σ  H E L     3 ℷ + 2 μ        P  m a x      σ  H E L     − 1    



(6)




where ℷ and μ are Lamé coefficients (ℷ = Ev/[(1 + v)(1 − 2v)], μ = G = E/[2(1 + v)]).



Ballard et al. [31] proposed a theoretical model for laser shock wave loading, which assumes that the material to be strengthened is an ideal elastic–plastic material of semi-infinite size. In this scenario, the laser shock wave is an ideal planar longitudinal wave with a pressure pulse that is uniformly distributed throughout space. The material also undergoes strain, obeying the Von Miss yield criterion. Based on this theoretical model, the material’s mechanical response varies with the laser shock wave peak pressure [32], as revealed in Figure 4.



Figure 4 shows that the material only undergoes elastic deformation when Pmax < σHEL. When σHEL < Pmax < 2σHEL, the material undergoes plastic deformation accompanied by elastic reversion, and the deformation increases linearly with increasing peak pressure Pmax. When 2σHEL < Pmax < 2.5σHEL, the plastic deformation saturates, plastic unloading occurs, and the deformation volume reaches the maximum (−2σHEL)/(3ℷ + 2μ). Under the condition of Pmax > 2.5σHEL, loose surface waves are produced, and the residual compressive stress on the surface of the target is reduced to some extent. In summary, when the peak shock wave pressure reaches a value between 2σHEL to 2.5σHEL of the material, a better shock effect can be obtained. The σdy of 40Cr is 1570 MPa; thus, the range of the peak shock wave pressure is between 5.09 GPa and 6.36 GPa.





3. Numerical Simulation


3.1. Material Setting


40Cr with a chemical composition (mass fraction) of 0.39%C, 0.25%Si, 0.6%Mn, and 1.0%Cr is one of the most commonly used alloy steels for manufacturing key components such as gears, axle sleeves, cams, etc. [33]. Therefore, in this study, 40Cr alloy steel was selected as the specimen material, and its mechanical properties are shown in Table 1 [34].




3.2. Model Construction and Computational Solution


The finite element method was used to construct a numerical simulation model of the 40Cr specimen for single point shock. A combination of dynamic explicit analysis and explicit rebound analysis was used to simulate and analyze the equivalent plastic deformation, as well as the residual stress distribution of LSP observed in 40Cr. The specific simulation process, outlined in Figure 5, was divided into four main sections: finite element modeling of the metal specimen, laser shock pressure input, computational solution (dynamic explicit analysis and explicit rebound analysis), and analysis of results.



The model size was set to 9 mm × 9 mm × 4 mm. The hexahedral element, Hex, was used to mesh the numerical model, with an element mesh size of 0.3 mm and a shock area mesh refinement size of 0.03 mm. The infinite boundaries were imposed around and at the bottom of the model with a thickness of 0.2 mm. The mesh type of the infinite boundaries was CIN3D8, while the other mesh cell type was C3D8R, as shown in Figure 6a.



Considering the strain rate, the Johnson–Cook material model fits the best for LSP. Equation (7) depicts the Johnson–Cook relationship between the flow stress of the material at high impact rates and various parameters [35].


  σ =   A + B  ε n      1 + In     ε ′    ε 0    ′          1 −       T −  T 0     T m  −  T 0       m     



(7)




where  σ  and  ε  are the flow stress and effective plastic strain,   ε ′   and    ε 0    ′    are the effective plastic strain and effective plastic strain rate, and the term (  1 −       T −  T 0     T m  −  T 0       m   ) represents thermal softening. However, in the case of LSP with water confinement, thermal softening can be considered neligible. A, B, C, m and n are constants determined experimentally. The JC constants for 40Cr are listed in Table 2 [36].



The shock wave pressure was varied with time, as previously shown in Figure 3. The shock wave pressure curve was loaded to a circular area with diameter of 3 mm on the top surface of model, and the bottom surface was completely restricted, as shown in Figure 7b. The solution time of the laser shock explicit analysis was selected based on the energy balance principle, and 3500 ns was selected as the solution time, during which the internal mass kinetic energy of the material increases and then decreases to a stable value. After laser shock explicit analysis, the explicit rebound of the material revealed a similar result as that obtained for the implicit rebound. A multi-analytical step strategy was set for shock explicit analysis and explicit rebound, and the rebound time was determined as 80,000 ns, which was based on the kinetic energy tending to 0. The stress distribution of the metal specimen was obtained after the multi-analytical step simulation.




3.3. Influence of the Laser Pulse Width


The peak shock wave pressure of 40Cr was between 5.09 GPa and 6.36 GPa, as mentioned. When the spot diameter is determined, the laser shock intensity depends on the laser energy and pulse width. The pulse width has an effect on the mechanical response by changing the peak shock wave pressure and loading time. When the spot diameter was 3 mm, the laser pulse energy was set as 6 J and10 J, the pulse width was set as 10 ns, 15 ns, 20 ns, and 25 ns for simulation, and the corresponding curves of the shock wave pressure were loaded into the FEM model; the results are shown in Figure 7. When the pulse width changed from 10 ns to 20 ns, the surface residual stress gradually increased, as shown in Figure 7a,d. Along the depth direction of the center of the spot, the residual stress first increased and then decreased, and with the increase in the pulse width, the maximum residual stress on the subsurface gradually increased, as shown in Figure 7b,e. The residual stress in the depth direction of 0.6 mm from the spot center showed a decreasing trend, and the maximum surface residual stress gradually increased with the increase in the pulse width, as shown in Figure 7c,f. However, when the pulse width changed from 20 ns to 25 ns, the residual stress in the surface and depth directions tended to saturate, as shown in Figure 7. This shows that the longer the shock wave acting on the sample surface, the more obvious the impact-strengthening effect. However, with the increase in the pulse width, when the pulse width was greater than 20 ns, the impact strengthening effect was no longer obvious because the laser power density decreased with the increase in the pulse width. The effect of LSP was proportional to the laser power density. Therefore, when the pulse width was greater than 20 ns, the laser power density decreased, and the residual stress did not increase. If the pulse width of the laser continues to increase and the shock wave acts for too long, it will have a thermal effect and ablate the metal, thus destroying the integrity of the material surface, which is not good. This means the optimal pulse width for 40Cr under laser shock was 20 ns.




3.4. Influence of Laser Pulse Energy


When the spot diameter and pulse width are determined, the laser impact intensity depends on the laser energy. The laser energy has effect on the mechanical response by changing the shock wave peak pressure. When the spot diameter was 3 mm and the pulse width was 20 ns, the laser pulse energy was set as 6 J, 8 J, 10 J, and 12 J for the simulation, and the corresponding curve of the shock wave pressure was loaded into the FEM model; the results are shown in Figure 8. When the pulse energy changed from 6 J to 10 J, the surface residual stress increased, as shown in Figure 8a. Due to the generation of a “residual stress hole”, the residual stress at 6 J along the depth direction of the center of the spot reached its maximum at the subsurface, and the phenomenon of the “residual stress hole” intensified with the increase in the pulse energy, as shown in Figure 8b. The residual stress at a depth of 0.6 mm from the spot center showed a decreasing trend, and with the increase in the pulse energy, the maximum residual stress on the surface gradually increased, as shown in Figure 8c. When the pulse energy changed from 10 J to 12 J, the surface residual stress and the residual stress in the depth direction of 0.6 mm from the spot center decreased, as shown in Figure 8. This is because when the pulse energy is greater than 10 J, the peak pressure exceeds 2.5σHEL. In LSP, the laser-induced shock wave oscillates on the surface of the target material, and the loose wave acts on the surface of the sample in reverse, inducing reverse plastic deformation and reducing the residual stress.





4. Single-Point Laser Shock Experiment


4.1. Experimental Conditions


Experiments were conducted by using the LAMBER-12 solid-state laser made by Zhuo Radium (Beijing, China). In the experiments, the 40Cr specimens were shocked with a single laser pulse, with the laser shock process parameters outlined in Table 3. The spot diameter was defined as 3 mm based on the structure of the laser impact device, and the laser pulse width was defined as 20 ns. The peak shock wave pressure range was between 5.09 GPa and 6.36 GPa, with an energy range between 7.7 J and 12.06 J. The energy of 6 J was used as a contrast. As shown in Table 3, the value of the laser pulse energy varied, while the pulse width and spot diameter were defined. During the experiments, flowing deionized water (2 mm thick) was used as the constraint layer, and black tape (0.1 mm thick) was used as the absorption layer.




4.2. Detection Methods


The surface microhardness of the strengthened area and along the cross-sectional direction was measured by using a FALCAN-511 digital microhardness tester (Yicuo Instrument Co., LTD, Shanghai, China), with a holding time of 10 s and a load of 50 g. The surface microhardness of the strengthened area was measured by pointing at 0.2 mm spacings. The surface microhardness for the cross-sectional direction was also measured by pointing at every 0.1 mm spacing, as revealed in Figure 9.



The residual stresses at the surface and depth direction of the strengthened area were measured using an HDS-I type X-ray residual stress tester. The residual stress of the surface was measured at a 0.2 mm spacing. The surface material was removed layer by layer, with electrolytic polishing, and then the residual stresses for the depth direction were measured. The microstructure of the specimens was observed using a KEYENCE VK-X1000 confocal microscope (Keenshi Co., LTD, Shanghai, China) and a Phenom XL scanning electron microscope (FEI Corporation, Shanghai, China).




4.3. Experimental Results and Analysis


4.3.1. Hardness with Different Laser Pulse Energy Shocks


Figure 10 shows the microhardness distribution curves of the 40Cr specimens in the surface and cross-sectional directions of the shock-strengthened area under different laser pulse energies. From Figure 10a, it can be seen that the average surface microhardness of the specimens without shocks was 363HV0.05. It was found that the magnitude of the surface microhardness increased by 10.7%, 12.9%, 16.0%, and 21.2% after 6 J, 8 J, 10 J, and 12 J pulse energy shocks, respectively, demonstrating that surface microhardness increased with increasing pulse energy. However, the hardness improvement area was found to decrease. Even a small decrease in hardness was observed in some areas within the spot shock range, under pulse energies of 12 J. From Figure 10b, it can be seen that the laser pulse energy significantly affected the microhardness value of the specimen surface layer. Specifically, the microhardness of the specimen surface layer clearly increased with increasing pulse energy. Furthermore, the microhardness of 40Cr steel along the depth direction of the cross-section had a gradient distribution, with a microhardness value that decreased with increasing depth, gradually tending towards that of the matrix. Due to the laser shock wave propagating with attenuation in the specimen and reaching a certain depth with very little energy, it has almost no influence on the material [37]. The positive effect of LSP treatment on the hardness of the material may be attributed to the ultra-high strain rate of plastic deformation on the structure’s surface layers under the action of the laser shock wave, which forms more dislocations and produces surface hardening due to grain refinement [38].




4.3.2. Residual Stress with Different Laser Pulse Energy Shocks


The residual compressive stress can inhibit the generation and expansion of cracks on the surface of the specimen [39,40]. After laser shock, residual compressive stress occurred on the surface of the specimen. Figure 11 shows the residual stress distribution on the surface and depth direction of the specimen with different pulse energy shocks. From Figure 11a, when the energy was less than 10 J, the surface residual stress increased with the increase in the pulse energy. Similarly, when the energy exceeded 10 J, the surface residual stress decrease with the increase in the pulse energy. When the pulse energy of 12 J was combined with a peak pressure of the induced shock wave close to 2.5 times the σHEL of 40Cr, loose waves occurred on the surface, causing the relaxation of the residual stress on the surface.



From Figure 11b, the residual stress of 40Cr steel along the depth direction had a decreasing trend. The maximum residual stresses corresponding to pulse energies of 6 J, 8 J, 10 J, and 12 J were −300 MPa, −359 MPa, −378 MPa, and −375 MPa, and the residual stress-affected layer depths were 690 μm, 810 μm, 1050 μm, and 1058 μm, respectively. With increasing energy, the depth of the residual stress-affected layer also increased. However, when the energy value exceeded 10 J, the maximum residual stress slightly decreased.




4.3.3. Microstructure with Different Laser Pulse Energy Shocks


After the test cross-sections were ground and polished, they were observed and photographed using a confocal microscope and a scanning electron microscope after corrosion for 10 s at room temperature using 4% nitric acid alcohol. Figure 12 shows the metallographic structure of untreated specimens and laser-shocked specimens with 10 J pulsed energy. As Figure 12a displays, for the untreated specimen, the metallographic structure was mainly tempered sorbite and pearlite. Figure 12b illustrates that after laser shock treatment, the structure of the laser shock-affected layer was refined, with finer pearlite and tempered sorbite structures compared without the shock. The grains in Figure 12b are finer than the grains in Figure 12a, indicating that the material was refined by laser shock under shock waves for both sorbite and pearlite, and the grains were also refined. Shock waves induced by plasma explosion after the absorption of laser beam energy produced severe plastic deformation on the surface of the samples [41]. Here, the ultrahigh strain rate produced by LSP effectively refined the crystals of the plastic deformation layer and improved the mechanical properties of the plastic deformation layer [42].



Figure 13 shows SEM images of the surface layer with different pulse energies. As can be seen from Figure 12, the average grain size of the unimpacted sample measured by the liner intercept method was about 30 μm. When the pulse energies were 6 J, 8 J, 10 J, and 12 J, the average grain sizes were about 25 μm, 21 μm, 16 μm, and 12 μm, respectively. The figures show that the refinement of the pearlite and sorbite structures of the surface layer deepened, with the grain size decreasing as the energy increased. Laser shock resulted in the plastic deformation of the metal surface and a large amount of dislocation in the grain. With the increase in pulse energy, plastic deformation accumulates, and twins occur easily at the entanglement of dislocation; the twins interact with dislocation, finally achieving the effect of refining the grains [43]. As revealed in Figure 13d, the pulsed energy 12 J laser shock on the specimen caused damage to their surface, which weakened the surface properties, although the damaged area was small. This makes sense because of the thermal effect in our LSP experiment.



A picture was taken every 134 μm along the downward surface of the specimen until the microstructure became consistent with the matrix after delineating the boundary line. Then, the depth of the shock-affected layer was defined, as shown in Figure 14. In order of demarcation, the boundary line of the 6 J, 8 J, 10 J, and 12 J laser shock specimens appeared in the 5th, 8th, 10th, and 10th piece, respectively. These, in turn, corresponded to the shock-affected depth layers of 600 μm, 1100 μm, 1250 μm, and 1260 μm. The depth of the impact area gradually increased with the increase in the pulse energy. During LSP, the topmost surface experiences the highest plastic strain and it gradually decreases to zero as the depth increases, so the plastic-induced grain refinement has a gradient distribution. However, the depth of the shock-affected layer slowed and tended towards saturation after the energy reached 10 J, showing that the increase in the pulse energy led to an increase in the shock wave pressure and thus the grain refinement depth. However, when the pulse energy exceeded a certain range, the induced stress wave propagated downward in the sample, resulting in the reverse loose wave effect. This makes the grain refinement depth of the material in a certain depth range gradually saturate with the increase in the pulse energy [44].






5. Discussion


The LSP-induced shock wave causes severe plastic deformation on the material’s surface, resulting in many defects such as twins and dislocation inside the material, which eventually evolve into fine particles [45]. However, defects such as dislocation, twins, and lattice distortion can induce residual stress fields and work hardening [46]. Therefore, grain refinement is the direct cause of microhardness and an increase in the residual stress. The degree of grain refinement depends on the action time and laser power density. The action time depends on the pulse width of the laser pulse, and the simulation showed that the optimal pulse width was 20 ns. When the pulse width and spot diameter are constant, the laser power density depends on the pulse energy. As shown in Figure 15, with the increase in the pulse energy, the laser power density increased, and the instantaneous impact force of the plasma shock wave increased, resulting in more significant plastic deformation and grain refinement depth and degree increases. When the pulse energy was greater than 10 J, the grain refinement depth did not increase significantly and tended to saturation. The changes in hardness and residual stress with pulse energy also followed a similar trend. The main reason is that the increase in the pulse energy leads to the rise of the dynamic yield limit of the sample surface, the plastic deformation tends to saturation, and the effect of laser shock on the grain refinement depth of the material is gradually weakened. The LSP-induced compressive residual stress distribution, hardening level, and grain refinement are different for different materials, but the influence pattern is similar.




6. Conclusions


Selecting LSP parameters directly affects the strengthening effect. In this paper, process parameters were selected by using theoretical analysis, numerical simulation, and experiments. The following conclusions were drawn.



	(1)

	
The peak value of the shock wave was determined by theoretical analysis, based on the properties of the target material. The range of the peak value of shock wave was 5.09 GPa–6.36 GPa for 40Cr.




	(2)

	
The optimal pulse width was selected by FEM simulation, 20 ns for 40Cr.




	(3)

	
For the 40Cr specimen, the surface microhardness and surface residual stress gradually increased with increasing energy. However, when the energy exceeded 10 J, their uniformity became worse and decreased in some areas. The maximum surface layer residual stress gradually increased as the energy increased; above 10 J, it no longer increased. The thickness of the surface shock-affected layer gradually increased with increasing energy. However, when the energy exceeded 10 J, the thickness of the influence layer almost stopped increasing. Based on the influence on microhardness, residual stress, and microstructure, the optimal pulse energy for 40Cr specimens was 10 J, which is consistent with the simulation result.







Different materials need different optimal process parameters when they are strengthened by LSP. In the study, the influence of laser shock parameters, especially the pulse width and pulse energy, was analyzed comprehensively for 40Cr, providing a reference for selecting the LSP parameters of other metallic materials.
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Figure 1. Schematic diagram of LSP. 
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Figure 2. Schematic diagram of time course of the shock wave pressure. 
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Figure 3. Schematic diagram of the residual compressive stress under laser shock (a) Laser shock process (b) After the laser shock. 
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Figure 4. Relationship between the peak pressure and specimen deformation. 
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Figure 5. LSP simulation process. 
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Figure 6. The FEM model of the single-point laser shock. (a) Numerical modal (b) Loading area. 
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Figure 7. Residual stress distribution of samples with different pulse widths (a) Pulse energy 6 J: surface residual stress (b) Pulse energy 6 J: residual stress in the depth direction of the spot center (c) Pulse energy 6 J: residual stress at a depth of 0.6 mm from the spot center (d) Pulse energy 10 J: surface residual stress (e) Pulse energy 10 J: residual stress in the depth direction of the spot center (f) Pulse energy 10 J: residual stress at a depth of 0.6 mm from the spot center. 
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[image: Coatings 12 01872 g007]







[image: Coatings 12 01872 g008 550] 





Figure 8. Residual stress distribution of specimens with different pulse energies (a) Pulse width 20 ns: surface residual stress (b) Pulse width 20 ns: residual stress in the depth direction of the spot center (c) Pulse width 20 ns: residual stress at a depth of 0.6 mm from the spot center. 
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Figure 9. Schematic diagram of the hardness testing points (a) Surface microhardness testing (b) Microhardness testing in the cross-sectional direction. 
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Figure 10. Microhardness at different pulse energies (a) Surface microhardness (b) Microhardness in the cross-sectional direction. 
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Figure 11. Residual stress distribution in the surface layer of the specimen at different pulse energies (a) Surface residual stress distribution (b) Depth direction residual stress distribution. 
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Figure 12. Metallographic structure before and after LSP (a) Untreated (b) Energy: 10 J. 






Figure 12. Metallographic structure before and after LSP (a) Untreated (b) Energy: 10 J.



[image: Coatings 12 01872 g012]







[image: Coatings 12 01872 g013 550] 





Figure 13. SEM images of the surface layer of specimens at different pulse energies (a) 6 J; (b) 8 J; (c) 10 J; (d) 12 J. 
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Figure 14. Thickness of the shock-affected layer of the specimen at different pulse energies (a) 6 J; (b) 8 J; (c) 10 J; (d) 12 J. 
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Figure 15. Schematic diagram of the microstructure changes of different pulse energies. 
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Table 1. Mechanical properties of 40Cr alloy steel.
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	Quantity
	Symbol
	Value
	Unit





	Density
	  ρ  
	7.87
	Kg/m3



	Poisson’s ratio
	  ν  
	0.277
	-



	Young’s modulus
	  E  
	211
	GPa



	Tensile strength
	    σ b    
	980
	MPa



	Yield strength
	    σ  0.2     
	750
	MPa



	Dynamic yield strength
	    σ  d y     
	1570
	MPa
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Table 2. 40Cr alloy steel J-C model parameters.
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	Material
	A/MPa
	B/MPa
	C
	n
	m





	40Cr
	905
	226
	0.03
	0.26
	0.83
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Table 3. Laser shock process parameters.






Table 3. Laser shock process parameters.





	Parameters
	Values





	Pulse energy/J
	6 J/8 J/10 J/12 J



	Pulse width/ns
	20 ns



	Spot diameter/mm
	3 mm



	Wavelength/nm
	1064 nm
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