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 Selective laser melting (SLM) is considered to be a highly significant additive manufacturing (AM) 
technology, with the capacity to produce complex shapes that would be difficult to achieve using other 
methods.  However, the broad application of this method is limited by problems like harmful 
microstructures and porosity, especially during the processing of aluminum alloys. Laser shock 
peening (LSP) provides a promising approach to reduce the adverse effects linked to aluminium SLM. 
This research examines how a critical LSP parameter, specifically the number of impacts, influences 
AlSi10Mg parts produced by SLM. The results were assessed with porosity, microstructure, and 
microhardness. Results show a 72% reduction in porosity. Furthermore, microstructural analysis 
revealed discernible grain refinement, accompanied by enhanced hardness. Tensile testing further 
confirmed the effectiveness of LSP, showing increases in both ultimate tensile strength and yield 
strength. These results suggest that LSP can effectively address the limitations of the SLM process for 
demanding applications when used as a post-processing technique. 

© 2025 Growing Science Ltd.  All rights reserved. 
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1. Introduction  

   
 AlSi10Mg alloy, as an aluminum-based alloy, is become one of the highly promising materials in modern manufacturing 

due to its small density, excellent mechanical properties and casting performance, and it can be used to manufacture parts for 
aircraft and spacecraft, such as engine mounts, pistons and fuselage structural parts(Wang, et al. 2021, Zhang, et al. 2024). 
Conventional aluminum alloy production methods—including casting, forging, extrusion, and powder metallurgy—exhibit 
limitations such as extended design cycles, high production costs, and the potential to induce localized stress concentrations 
at critical component locations (e.g., welded joints, misaligned connections). These stress concentrations can lead to crack 
initiation, structural failures, and process-induced defects(Gong et al., 2024). As one of the processing methods of additive 
manufacturing (AM), selective laser melting (SLM) forming technology has been receiving increasing attention in the field 
of aluminum alloy processing and manufacturing because of its advantages of excellent surface forming quality, high 
precision, good mechanical properties, and short development cycle(Zhang et al., 2023). Using a layer-by-layer scanning 
method for processing metal parts with a high-energy density laser beam, SLM can improve the surface quality and corrosion 
resistance of parts, thus enhancing their fatigue life and increasing their service life. However, SLM-formed AlSi10Mg alloy 
parts usually have problems like internal porosity and solidification defects, which can cause component distortion and crack 
initiation, possibly leading to catastrophic structural failures(Cao et al., 2024). 
 
     Researchers have recently concentrated on minimizing internal defects, improving residual stress distribution, and boosting 
the overall mechanical properties of materials produced by additive manufacturing processes. This objective is pursued 
through post-processing techniques, including the introduction of nanoparticles (e.g., SiC, W, TiC, etc.) (Clement & Kabir, 
2024; Li et al., 2025; Zhuo et al., 2025), and the optimization of the post-processing process stages, the microstructure of the 
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material can induce a columnar crystal to isometric crystal transition (CET) typical phase transformation behavior. 
Nonetheless, it is hard to improve the tensile strength and elongation at break of a material at the same time(Lv et al., 2023; 
Wang et al., 2025). Furthermore, LSP technology has become commonly used in post-processing methods following SLM. 
These studies include the expected performance improvements of the fabricated components (like mechanical properties, 
surface roughness, corrosion resistance,  etc.) and the decisions made after considering the cost-effectiveness (Al Hadidi et 
al., 2023; Pathak et al., 2022). 
 
     LSP technology is a highly efficient surface treatment processing method. It utilizes high-energy laser pulses to interact 
with the material surface, generating a high-pressure shock wave to create a high-intensity compression stress on the surface 
of the material, thereby optimizing its microstructure and properties. It can create a layer of residual compressive stress within 
the material, along with microstructure evolution, including the formation of crystal structures such as twins and dislocations. 
LSP can effectively enhance its performance and reliability(Liu, et al. 2023), wear resistance, corrosion resistance and fatigue 
performance have been widely studied. Shi et. al. (2024) used LSP treatment of Ti6242 alloy to generate residual compressive 
stresses that altered the preferential orientation of the grains and inhibited fatigue crack initiation and extension, thus 
enhancing the high-cycle fatigue life. Tong et al. (2021) induced grain normalization through laser shock strengthening (LSP) 
technology, combined with the introduced compressive residual stress (CRS) and grain refinement effect, significantly 
improved the surface microhardness and wear resistance of the additive-manufactured CoCrFeMnNi high-entropy alloy. Chi 
et al. (2020) combined the LSP technique with a heat treatment process to significantly improve the ductility of Ti17 titanium 
alloy fabricated by wire arc additive manufacturing while maintaining its strength, and successfully induced a high amplitude 
CRS. Zhou et al. (2022) studied the processing of AlSi10Mg alloy by different impact methods, refined the grains, reduced 
the porosity, and formed a hardened layer of ultrafine grains, hence further improving the mechanical properties of the 
aluminum alloy. Wang et al. (2022) explored the relationship between LSP and laser shock waves and found that it was 
precisely because LSP induced the reflection of shock waves that increased the shock wave pressure, increasing plastic 
deformation and dislocation density, while the dislocation density decreased. Research shows that compared with traditional 
surface processing, laser shock strengthening significantly improves the thermal stability of metals by forming nanoscale 
structures beneath the material surface and introducing residual stress.  

 
      In this study, AlSi10Mg alloy was selected as the raw material to investigate the influence of the LSP process on defects 
in parts manufactured by SLM. The specimens were fabricated using SLM and then subjected to LSP in order to systematically 
investigate the effects of LSP on the microstructure and overall properties of SLM-formed AlSi10Mg alloy. Applying LSP 
technology to metal alloys formed by SLM can effectively improve surface quality and reduce porosity. It is of great 
theoretical value to enhance material properties and optimize product quality and has far-reaching significance in practical 
applications. 
 
2. Experimental details 

2.1 Experimental Material 
 
     The experiment employed gas-atomized AlSi10Mg alloy powder as the feedstock material, with its chemical composition 
presented in  
Table 1. The AlSi10Mg powder demonstrated a particle size distribution ranging from 35 to 160 μm, with an average of 92 
μm. SEM analysis confirmed that most powder particles exhibited a highly spherical morphology, as illustrated in Fig. 1. 
 
Table 1. Chemical composition of AlSi10Mg powder(wt%) 

Elements Al Si Mg Cu Mn Ni Fe Ti O 
Percent(wt%) bal. 9~10 0.2~0.45 0.05 0.45 0.05 0.55 0.15 0.15 

 

 
Fig. 1. Micro-morphology of AlSi10Mg aluminum alloy powder 
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2.2 Experimental Method 
 
     Cubic AlSi10Mg specimens (50×50×5 mm³) were produced by SLM with an FS200M-2 system (Huashu Hi-Tech Co. 
Ltd.), utilizing a 67° interlayer rotation scanning strategy. The processing parameters consisted of a power output of 200 W 
for the laser, a scanning speed of 600 mm/s, a hatch spacing of 0.08 mm and a layer thickness of 50 µm, as illustrated in Fig. 
2(a)(c). 
 
     The LSP process uses the laser shock peening equipment SILT-LSP-1 (Shanghai Institute of Laser Technology Co., Ltd.) 
for surface strengthening. As shown in Fig. 2(d)-(f), before the impact, different grit abrasive paper (800#, 1200#) was 
employed to smooth the impact surface; the former parts underwent single-sided impact, and the tensile specimen was 
subjected to double-sided impact. The comparison graphs before and after impact are shown in Fig. 2(g1)(g2). The laser shock 
parameters are: laser energy 1J, impact frequency 5Hz, wavelength 1064nm, spot diameter 2mm, pulse width 8ns, spot overlap 
50%, water confinement layer thickness 2mm, absorption protection layer 0.1mm aluminum foil, and the formed parts 
fabricated by using laser selective melting as shown in Fig. 3(a). After the impact was completed, the specimens were cut into 
10 × 10 × 5 mm3 cube samples using a DK450 EDM cutter for subsequent testing as shown in Fig. 3(b). The size of the tensile 
member and the impact strengthening path were Z-shaped, with impact on both sides, as shown in Fig. 3(c). 
 

 
Fig. 2. (a) Diagram of SLM equipment; (b) Scanning pattern of AlSi10Mg aluminum alloy; (c) Schematic of scanned 

samples; (d) Impact strengthened samples; (e) LSP strengthening principle; (f) Diagram of LSP equipment;(g1) Before the 
shock; (g2) After the shock. 

 
Fig. 3. (a) Sample manufacturing by SLM; (b) Cutting samples and subsequent tests; (c) Dimensions of tensile specimens 

and impact paths. 

2.3 Characterization Properties 
 
     The metallographic specimens of 10 × 10 × 5 mm³ were prepared by EDM wire-cutting, and the cut samples were polished 
to a smoothness with 800# and 1200# grit sandpaper, as shown in Fig. 4(a)(c). The samples were examined using an Empyrean 
X-ray diffractometer from Panalytical in the Netherlands. The scanning angle was set to between 20° and 100°, with a 
scanning speed of 2° per minute, in order to obtain XRD patterns of the specimens. Based on the obtained experimental data, 
the Jade phase analysis software system was utilized to perform primary phase search analysis without limiting the chemical 
elements, and secondary phase search was limited by full spectrum matching to initially determine the main phase composition 
in the molded parts, as well as a single-peak search function for deconvolution analysis. The above samples were processed 
using the cold bonding technique. Different grit sizes (800#, 1200#, 1500#, 2000#) of water-based grinding sandpaper were 
used to uniformly polish the surface of the samples until a mirror-like effect was achieved. Then, a metal-cutting-grade 
diamond polishing agent (2.5 microns) was applied for polishing until the surface of the samples presented a mirror-like luster.  
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The polished surface is then etched using a glass dropper to draw up the etching solution. The corrosion solution was Keller's 
reagent (95 mL distilled water + 2.5 mL HNO3 + 1.5 mL HCl + 2 mL HF), and the corrosion time was 15 s. It was cleaned. 
These samples were examined using a Leica DMi8 A inverted metallurgical microscope and a scanning electron microscope 
(ZEISS EVO 18, accelerating voltage = 20 kV) to reveal microstructural features and fracture morphology, and porosity was 
calculated using Image J software, as shown in Fig. 4(b). To ensure the accuracy of the experimental results, the above study 
conducted 10 sets of experiments for testing. 
 

 
Fig. 4. (a) Wire cutting machine tool; (b) Leica DMi8A Inverted metallographic microscope; (c) Sample after cutting 
 
     The hardness of the specimen surface was determined using an HV-1000 micro-Vickers hardness tester, with a set loading 
of 200 g, and loading time and holding time of 15 s. To reduce the experimental error, nine measurement points were selected 
on the specimen surface, with a spacing of 0.25 μm between neighboring measurement points in each column and row. During 
the test, while recording the hardness value of each measurement point, the hardness value of each measurement point should 
also be measured and recorded.  
 
     Tensile experiments were performed using an electronic universal test machine (CMT5305, Meters) with a set strain rate 
of 3.3×10-4s-1 and a crosshead speed of 1mm/min. All samples with the same parameters were tested in three sets of parallel 
samples to avoid chance results, as shown in Fig. 5. Ultimate tensile strength (UTS), yield strength (YS) and elongation after 
fracture (EAF) were determined. The fracture morphology was analysed using a scanning electron microscope. 
 

 
Fig. 5. (a) Before stretching;(b) After stretching 

 
3. Experimental results and discussion 

3.1 XRD phase analysis 
 

Fig. 6 presents the XRD pattern analysis of the molded parts, revealing their complete phase composition. As shown in 
Fig. 6(a), the primary phases of α-Al and Si remain unchanged after impact strengthening, although characteristic peak shifts 
are observed at specific diffraction angles. All the samples show strong peaks linked to the α-Al phase, with the crystalline 
surfaces maintaining their preferred orientation. Due to the alloy's low Mg content, diffraction peaks associated with Mg-
containing phases were not observed in the XRD spectra. As evidenced in Fig. 6(b), within the angular range of 38° ≤ 2θ ≤ 
39°, the diffraction peaks exhibit a leftward shift following a single LSP treatment, while rightward shifts are observed after 
two and three LSP treatments, and the peaks display progressive broadening along with sequential intensity 
enhancement(Dong, et al. 2024). This may be since when the laser impact is performed for the first time, the laser impact 
causes the thermal expansion of the surface layer, which makes the grain size decrease, and the original eutectic Si of the 
SLM is partially dissolved at high temperature, and the Si atoms are solidly dissolved into the α-Al matrix, resulting in the 
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lattice expansion of α-Al. The shock wave effect of LSP dominates as shocks increase, diffraction patterns being closely 
associated with internal stresses, planar faults and heterogeneity, which intensifies plastic deformation and broadens 
diffraction peaks, thus raising X-ray diffraction. At 44° ≤ θ ≤ 46°, the 2 and 3 shock intensification occurs with a right shift, 
the peak width gradually narrows with the increase of the number of times, and the intensity tends to decrease, indicating that 
the crystalline surfaces of α-Al in this range, which have a high modulus of elasticity, are insensitive to thermal stresses of 
the first LSP. According to the Btagg equation(Li, et al. 2019): 
 

 
Fig. 6. XRD patterns for different numbers of impacts:(a) XRD patterns;(b) Localized enlargement of XRD 

 
2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛 (1) 

 
     Among them, d is the crystal plane spacing, θ is the diffraction angle, λ is the radiation wavelength, and n is an integer. As 
the value of θ decreases, the crystal facet spacing d will increase. The relative atomic radii are 0.143 nm, 0.117 nm, and 0.160 
nm for Al, Si, and Mg. The atomic radius of Mg is larger than Al. When Mg atoms are solidly dissolved into the α-Al matrix, 
they take the place of some of the Al atoms, resulting in a significant expansion of the lattice. Whereas multiple LSPs may 
lead to the rearrangement of dislocations to form a more regular subcrystalline structure and reduce the dispersion of 
microscopic strains, resulting in the local grain refinement and the reduction of lattice distortion, coupled with the 
complication of the compressive stress distribution and the deterioration of the diffraction conditions in some regions (e.g., 
lattice tilting), which may lead to the reduction of diffraction intensity. 

3.2  Microstructure characterization 

3.2.1. Porosity 
 

Fig. 7 shows the changes in the porosity of the sample after undergoing laser impact once, twice, and three times, 
respectively. Without LSP, the number of pores is high and the size is around 20-50μm, while after LSP, the pores change 
significantly.  
 

 
Fig. 7. Pore size variation with different numbers of impacts: (a) SLM fabrication; (b) 1 impact; (c) 2 impacts; (d) 3 

impacts; (e) Porosity of SLM-fabricated AlSi10Mg alloy sample. 
 

The average porosity of the original sample was 3.64%. After LSP treatment, the average porosity of LSP-1, LSP-2, and 
LSP-3 samples was 2.63%, 0.99%, and 1.53%, respectively. It can be concluded that the porosity was reduced by 28% after 
performing 1 impact strengthening and improved by 72% after 2 impacts. The main reason for the appearance of these pores 
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may be due to incompletely melted metal powders or gases that have not yet escaped during the SLM fabrication 
process(Wang, et al. 2023). Still, LSP reduces pore quantity by inducing significant plastic deformation in the material's 
surface layer,  which induces the closure of near-surface pores under extrusion(Chen, et al. 2020, du Plessis, et al. 2019), 
increases the equivalent cross-sectional area of the material, improves the densification, and ultimately strengthens the load-
bearing capacity. As illustrated in Fig. 7(c), the number of pores decreases gradually with increasing impact number, and the 
pore size and morphology change. The average pore size decreases from 27.5 μm to 3.5 μm, and the aspect ratio of the pores 
decreases gradually as their morphology changes from irregular to near-spherical. This shows that for the AlSi10Mg alloy, 
the effect of 2 laser impacts is the most obvious. 
 

3.2.2. Microstructure of the organization 
 

Fig. 8 illustrates the OM plots for different numbers of impacts. It can be seen that there are air holes in the unimpacted 
specimens, and their sizes are not more than 10 μm, so the effects will not be discussed in depth and the next main point is to 
illustrate some of the changes in the growth of the tissues from Fig. 8(a). The specimens manufactured through the SLM 
process will appear fish scale-like, which is the selective laser melting in the processing process, due to the layer-by-layer 
stacking and the scanning angle between the neighboring layers of the scanning angle of the molten pool of the size and 
morphology of the melt pool are also different from each other, and has a clear fish scale-like melt pool morphology(Fu, et 
al. 2025). But with the addition of laser shock, it does not change the shape of the fish scale or make it disappear. As can be 
seen in Fig. 8(d), cracks appeared on the surface of the material after three shock treatments, and too many shock waves may 
lead to localized plastic deformation intensification, resulting in microcracks or crack extension. 
 

 
Fig. 8. OM plots of AlSi10Mg specimens fabricated by SLM with different numbers of impacts: (a) SLM fabrication; 

(b) 1 impact; (c) 2 impacts; (d) 3 impacts. 
 

Fig. 9(a)-(h) shows the cross-sectional SEM morphology of SLM-formed AlSi10Mg specimens after different numbers 
of peening treatments. The white reticulation is the eutectic Si phase in the microstructure, while the gray island-distributed 
region is the α-Al matrix. According to the organizational features, the melt pool can be divided into three areas along the 
yellow dotted line: Fine grain zone (FGZ) inside the melt pool, Coarse grain region (CGR) at the boundary of the melt pool, 
and Heat-affected zone (HAZ) formed by the previous layer of laser scanning(Liu, et al. 2019, Wang, et al. 2024). From Fig. 
9(b), it can be seen that the coarse dendrite zone is located at the boundary of the molten pool, and its grain size is larger, 
showing rough particle characteristics, which is the result of rapid grain growth due to rapid cooling during the forming 
process. The heat-affected zone is the region where grain recrystallization or grain growth occurs due to heat influence, and 
its grain size is between the coarse dendrite zone and fine dendrite zone, with a more uniform distribution. The fine dendrite 
zone is located inside the molten pool, as the molten pool cooling rate is faster, the solid phase that has crystallized has the 
role of heat absorption and heat dissipation, and a large degree of subcooling is generated during the SLM forming process, 
so that very fine grains are formed, with a size usually less than 1μm. After the simultaneous addition of LSP, it can be seen 
from Fig. 9(b)(d)(f)(h) that the size and heat-affected zone of the eutectic Si changed, which is due to the compression of the 
grains resulting from the shock wave. While in the LSP process, the evolution of the organization is mainly dominated by the 
dynamic plastic deformation mechanism of the high-energy shock wave: The pristine α-Al matrix undergoes lattice distortion 
and dislocation increase under the action of shock waves, while the Si phase is fragmented and redistributed under high-
pressure stress owing to its brittle characteristics. The high-strain-rate deformation induces partial agglomeration of the 
fragmented Si phase along deformed grain boundaries and dislocation tangles, ultimately forming a refined dispersion-
strengthened microstructure that significantly influences the material's mechanical performance. 
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Fig. 9. SEM images of AlSi10Mg specimens fabricated by SLM with different numbers of impacts (a)(b) original specimen; 

(c)(d) 1 impact; (e)(f) 2 impacts; (g)(h) 3 impacts. 

3.3 Microhardness 
 

As in Fig. 10(a), d1 and d2 are the diagonal lengths of the indentation (mm), α is the angle of the load indenter (°), g is 
the gravitational constant N/kg, F is the load force (N), and S is the surface area of the indentation (mm2). Fig. 10(b) presents 
the hardness evolution under LSP treatments of different numbers. The fabricated SLM original sample exhibits a 
microhardness of 124.3 HV. Following a single LSP treatment, the hardness increases significantly to 145.2 HV, representing 
a 16.8% enhancement. Two treatments further improve the hardness to 149.5 HV (20.27% increase over the as-built 
condition). However, after triple shock treatment shows a slight reduction to 142.8 HV, maintaining a 14.88% improvement 
over the original SLM material but demonstrating a 4.7% decrease from the peak hardness achieved after two treatments. It 
is well known that microhardness is closely related to microstructure. In the LSP-induced treatment, due to surface melting 
and re-solidification of the surface during cooling, the grain size of the Si phase gradually decreases, resulting in significant 
work hardening(Babalou, et al. 2025, Navin Kumar, et al. 2020). The increase in hardness primarily stems from grain 
refinement near the surface, where the original nano-eutectic Si phase of the SLM continues to precipitate under impact, 
resulting in a change in grain orientation. This change increases the resistance to deformation and slips of the grains, which 
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allows the material to withstand greater external pressures, ultimately enhancing the microhardness and further improving the 
hardness measurements. But multiple impacts can lead to a localized temperature rise, triggering dislocation annihilation or 
dynamic recrystallization, softening some regions and thus causing a decrease in microhardness. From the above, it can be 
learned that LSP can significantly increase the microhardness of the material and thus enhance the mechanical properties of 
the material. 

 
Fig. 10. (a) Hardness points; (b) Microhardness of SLM specimens with different numbers of impacts. 

Microhardness, also known as Vickers hardness (HV), characterizes the amount of hardness of an object. Hardness 
Calculation Formula: 
 

𝐻𝐻𝐻𝐻 = 1 𝑔𝑔⁄ × 𝐹𝐹 𝑆𝑆⁄ = 1 𝑔𝑔⁄ ×
2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝛼𝛼 2⁄
𝑑𝑑1𝑑𝑑2

 
(2) 

3.4 Tensile test and fractures 
 

3.4.1. Tensile test 
 
     Fig. 11 displays the engineering stress-strain curves for all the samples, while Table 2 presents the corresponding average 
tensile strength, yield strength, and elongation. From Fig. 13(a), in the elastic phase, the changes tend to be the same for all 
specimens, but a transient decrease in the tensile strength of the SLM-fabricated original specimens occurs as the stress 
increases. There are incompletely fused defects or pores in the SLM-fabricated formed parts, and these defects, which produce 
local stress concentration during initial loading, lead to a decrease in the apparent strength. With the continuation of stretching, 
the grain structure Si phase in the material precipitates out of the α-Al matrix to undergo the phenomenon of remelting and 
recrystallization, dislocation slip, and so on and later shows a trend of continuous enhancement. Following LSP treatment, the 
tensile strength increased by 10% after a single impact and reached a 16% enhancement after two impacts, coinciding with 
maximum elongation at break. However, three impacts resulted in a slight strength reduction (relative to two impacts), likely 
due to cumulative thermal effects promoting dislocation reorganization that partially negated strengthening mechanisms. This 
microstructural evolution may have also induced localized microcracking or excessive work hardening, contributing to 
increased. 

 
Fig. 11. The data of AlSi10Mg tensile after different treatments: (a) Engineering stress-strain curves of molded specimens at 

different scanning speeds for different numbers of impacts; (b) corresponding values of UTS, YS and EAF. 
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Table 2.UTS, YS, and EAF of SLM specimens with different numbers of impacts 

Sample Ultimate tensile  
strength (MPa) 

Yield strength  
（MPa） 

Elongation rate  
(%) 

SLM 371.7±5.7 333±2.79 6.08±0.56 
LSP-1 407.7±3.23 357.7±1.89 8.43±0.49 
LSP-2 431.2±4.36 380.12±1.66 9.25±0.89 
LSP-3 416.4±2.58 392.93±2.78 7.65±0.85 
 

3.4.2. Tensile fracture morphology 
 
     As shown in Fig. 12(a)-(c), the as-fabricated SLM specimens exhibit characteristic “river pattern” morphologies at room 
temperature (Han et al., 2022), indicative of brittle fracture behavior. These features suggest a predominant quasi-cleavage 
fracture mechanism. 
 

 
Fig. 12. Typical fracture morphology of AlSi10Mg alloy after different treatments with different numbers of impacts. 

 
     Post-LSP treatment significantly altered the fracture morphology. Following a single impact, the fracture surface exhibited 
distinctive fish-scale patterns with shallow dimples, indicating a mixed ductile-brittle fracture mode. As evidenced in Fig. 
12(d)-(f), numerous microvoids were observed, attributable to insufficient melting during initial SLM processing. The 
relatively low laser energy input resulted in inadequate molten metal volume, compromising both powder wettability and 
interparticle pore-filling efficiency. Fig. 12(g)-(i) reveals a significant transformation in fracture morphology following dual 
LSP treatments, characterized by numerous densely distributed dimples - a definitive signature of ductile fracture mechanisms. 
This dimpled rupture morphology results from the nucleation, growth, and coalescence of microvoids during fracture. The 
LSP-induced compressive residual stress field promotes microvoid formation at stress-concentrated regions, particularly in 
microstructurally weak zones such as particle interfaces or dislocation tangles. As the tensile force continues to act, these 
cavities will gradually increase in size under the influence of the slip force. At the same time, the cross-section between 
neighboring small cavities becomes smaller and smaller, resulting in the cavities approaching each other and eventually 
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connecting and merging. As the process of cavity merging gradually intensifies, the cavity network inside the material will 
continue to expand until a fracture is finally formed. During the fracture process, the surface of the material exhibits a typical 
tough-nest morphology, as shown in Fig. 12(i). In addition, a small number of air holes were observed at the fracture of the 
LSP-2 specimen, which had smooth inner walls and were nearly spherical, consistent with the characteristics of typical 
hydrogen gas holes. The reason for their formation may be due to the rapid solidification of the molten pool at the end of the 
laser impact, preventing the hydrogen dissolved in the molten pool from escaping in time. However, with increasing impact 
cycles, the dimples become progressively shallower, likely due to thermal softening effects induced by repetitive LSP. The 
accumulated thermal energy promotes matrix remelting and recrystallization, reducing dislocation density and diminishing 
the material’s capacity for plastic deformation. Consequently, the tensile strength decreases relative to the LSP-2 condition. 
Meanwhile, the solid solution strengthening effect persists, as solute Mg atoms maintain lattice distortion in the Al matrix, 
sustaining elevated yield strength. These observations are corroborated by the mechanical property data presented in  
 
Table 2. 

3.5  Laser shock peening mechanism 
 

Fig. 13 illustrates the microstructural evolution and residual stress redistribution in the AlSi10Mg specimen following 
LSP. The LSP treatment eliminates surface-layer defects while converting residual tensile stress into beneficial compressive 
stresses. As widely documented, process-induced defects such as porosity and cracks are inherent to SLM fabrication, as 
shown in Error! Reference source not found.(a). These imperfections serve as stress concentrators during tensile loading. 
Notably, the pronounced residual tensile stress in untreated specimens exacerbates stress localization, leading to premature 
tensile failure through accelerated crack initiation and propagation. The strain rate of laser impact strengthening is 106s-1, 
which can effectively convert residual tensile stress to residual compressive stress(Stránský, et al. 2023). Residual 
compressive stress slows down the rate of crack expansion and reduces the stress intensity factor, thus enhancing the tensile 
strength of the impact specimen. At the same time, it can be seen from Fig. 13(c) that the plastic deformation caused by LSP 
can close the pores and cracks in the surface of the specimens, which also helps to enhance the tensile strength of the 
specimens. 
 

 
Fig. 13. Schematic representation of the evolution of manufacturing defects and residual stresses in the specimen 

after laser impact. 

 
Fig. 14. Schematic diagram of the evolution of the microstructure after laser shock. 

      Fig. 14(a)-(f) shows the evolution of microstructure in AlSi10Mg specimens after laser shock strengthening. From the 
analysis in 3.2.23.2.2, it can be seen that after laser impact, the specimen is subjected to high-energy shock waves, and various 
dislocation behaviors are usually excited, including dislocation slip, accumulation, entanglement, and spatial structure 
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rearrangement, as shown in Fig. 14(b)-(d). The basic process of grain refinement can be divided into: (i) formation of 
dislocation lines within pristine coarse crystals; (ii) accumulation of dislocation lines gives rise to the establishment of 
dislocation walls and dislocation tangles; (iii) dislocation walls and dislocation entanglement subdivision of coarse crystals 
into sub-grains; (iv) dynamic recrystallization of sub-grains under external loads evolves into large angular grain boundaries, 
and new grains are formed. According to the Hall-Petch formula (Hadadzadeh et al., 2018): 
 
𝛥𝛥𝜎𝜎𝑃𝑃−𝐻𝐻 = 𝑘𝑘𝑦𝑦𝑑𝑑−1 2⁄    (3) 

 
where ΔσP-H is the increment of the yield strength of the material, Ky is the Hall-Petch constant, and d is the grain size. 
 
     The enhancement in tensile strength has been attributed to strain hardening, which is a consequence of the high density of 
dislocations. The proportion of LAGBs exhibited a marked increase following LSP treatment, suggesting an augmentation in 
dislocation density(Kobayashi, et al. 2020). As shown in Fig. 14(e), in the instance of the application of a tensile load, the 
interaction between dislocations inhibits dislocation motion, resulting in a high level of strength. Following the Bailey-Hirsch 
relation(Yang, et al. 2024), dislocation reinforcement can be expressed as: 
 
𝛥𝛥𝜎𝜎𝑑𝑑 = 𝛼𝛼𝛼𝛼𝐺𝐺𝑚𝑚𝑏𝑏𝜌𝜌

1
2 (4) 

 
where α is a constant, M is the Taylor factor, Gm is the shear modulus, b is the Burgers vector, and ρ is the dislocation density. 

 
After multiple laser impacts, grain refinement gradually occurs in a specimen's surface layer,  increasing its strength and 

the hardness of the specimen increases as the grain size decreases. Previous studies have likewise shown that reducing the 
size of grains is an effective way of increasing the tensile strength of specimens. (Wang et al., 2021). Furthermore, grain 
refinement significantly enhances grain boundary density, promoting more homogeneous strain distribution across multiple 
grains during deformation. As can be seen from Error! Reference source not found.(f), the optimization of this microstructure 
effectively mitigates the strain partitioning between grain interiors and boundaries, resulting in enhanced plastic deformation 
capability. It is well known that higher grain densities form more curved grain boundaries and enhance energy absorption, so 
laser impacts also enhance ductility. The strength enhancement of metallic materials typically occurs at the expense of 
ductility, a well-established trade-off originating from the competitive interactions between dislocation storage/nucleation and 
nanomechanical twinning processes. However, this study demonstrates an exceptional strength-ductility synergy via laser 
shock peening, achieving a 52.1% enhancement in ductility without compromising strength. The mechanistic basis for this 
deviation from conventional trade-offs comprises three key aspects: 

 
(i) Defect healing mechanisms can significantly enhance the ductility performance of materials. The high-energy shock 

wave generated by LSP can, as discussed in Section 3.1, promote the closure of internal pores through the severe plastic 
deformation (SPD) effect, which can effectively inhibit the initial crack initiation. Based on this, a quantitative 
relationship can be established between the failure strain of a material and the pore volume fraction (He et al., 2020): 
 

𝜀𝜀𝑟𝑟 = 𝜀𝜀0 +
1
2
𝑙𝑙𝑙𝑙 �1 + 𝑘𝑘22 𝑘𝑘1⁄ �2 3⁄ �

1 + 2𝑓𝑓
𝑓𝑓

� exp �−
𝜀𝜀𝑟𝑟
2
� − 2�

2

� 
(5) 

 
where εr is the failure strain, k1 is the strain coefficient, k2 is the critical ratio of pore length to distance, and f is the 
volume fraction. 

(ii) The strain-hardening capacity, as a core regulatory mechanism for dislocation storage and nucleation, is decisive for 
ductility enhancement. The non-uniform strain gradient field formed during LSP (maximum strain concentration in the 
near-surface region), which is regulated by dislocation density to generate the dislocation cytosol structure and maintain 
plasticity, and the progressive release of the TRIP effect retard the local strain concentration. As demonstrated by He et 
al., the release of transition-induced plasticity effects can be controlled by high-density dislocations(He, et al. 2017). 

(iii) Grain boundaries significantly improve the mechanical properties of materials through multiscale synergistic effects. 
The grain refinement not only increases the number of dislocation-initiated slip systems and promotes the uniform 
distribution of plastic deformation, but also the grain boundaries act as potent dislocation barriers(Sheng, et al. 2022). 
By regulating the dislocation movement and reorganization process, the work-hardening capacity is progressively 
amplified while stress concentration is effectively mitigated, thus achieving a synergistic enhancement of strength and 
ductility. 

 
 

 
4. Conclusion 
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     This paper presents an analysis of the microstructure, microhardness and mechanical properties of AlSi10Mg alloy forming 
parts before and after impact, with the parts having been prepared by SLM and subjected to different LSP surface treatments. 
Having conducted the above tests and analysed the data, the following conclusions can be drawn: 
 

1. Porosity reduction: LSP treatments significantly reduced porosity in SLM-fabricated AlSi10Mg, with porosity 
decreasing by 28% (1 impact) and 72% (2 impacts) relative to the original sample condition. 

2. Microhardness evolution: The microhardness increased from 124.3 HV in the as-built condition to 145.2 HV after one 
LSP treatment, representing a 16.8% enhancement. A second LSP treatment further increased the hardness to a peak 
value of 149.5 HV, corresponding to a 20.3% improvement over the as-built state. However, a third LSP treatment 
resulted in a slight reduction to 142.8 HV. While this final value still represents a 14.9% increase compared to the as-
built sample, it signifies a 4.5% decrease relative to the peak hardness achieved after two treatments, indicating a 
diminishing hardening effect.. 

3. Mechanical properties: LSP enhanced tensile strength, yield strength, and elongation, with optimal performance after 
2 impacts. Fractography revealed a transition from quasi-cleavage (original sample) to ductile fracture, as evidenced 
by an increase in the density and depth of the tough nests. The LSP treatment has allowed the alloy to improve its 
strength and ductility to a certain extent. 

4. Future research should prioritize a comprehensive exploration of the optimization of LSP impact count parameters, 
including the effects of laser energy and tower catch rate on alloy materials, further study of residual stress distribution 
in alloys, and systematic evaluation of the tissue evolution of LSP-treated parts in conjunction with fatigue testing. 
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