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Abstract: An over peening effect was presented based on the researches of surface integrity and internal spall of Al7050 mid-thick 

plates with continued multiple laser shock peening (LSP) impacts at the same position. The dimensions of the samples were 50 

mm×50 mm×5 mm (length×width×thickness). Laser process parameters were laser energy of 30 J, square spots of 4 mm×4 mm, 

pulse width of 15 ns and continued multiple LSP impacts at the same position (LSP-1~LSP-8). Surface morphology, surface residual 

stress, and micro-hardness in depth and cross-sectional microstructure were measured by super depth 3D microscope system, X-ray 

diffraction instrument, Vickers indenter and optical microscope (OM), respectively. The results indicate that high micro-dent 

depressions of 197.8 µm and ridges of 130.8 µm are generated after continued LSP-5. Surface compressive residual stress changes 

into tensile residual stress from continued LSP-4 to continued LSP-5. After continued LSP-5, work softing with low micro-hardness 

is found in the bottom layer. Continued LSP-5 is the spall threshold of Al7050 mid-thick plates. The research is beneficial to avoid 

the spall and improve the strengthening effect in the industry application of LSP. 
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Al7050 alloy is recognized as a structural material, which 

has been widely used in aeronautics and aerospace industries 

because of its high ratios of stiffness/weight and strength/ 

weight

[1,2]

. However, fatigue fracture failure happened in 

advance and fatigue crack initiated at the surface due to poor 

working condition

[3]

. Thus its surface modification was 

intensively studied

[4]

. Laser shock peening (LSP) is an 

advanced surface treatment technology, which has been 

successfully applied to improve the fatigue performances of 

Al7050 alloy

[5,6]

. When peak pressure of laser shock wave is 

greater than Hugonoit elastic limit (HEL) of the target, surface 

integrity is improved. It resulted in the enhancement of 

mechanical property

[7]

, corrosion resistance

[8]

, foreign object 

damage resistance

[9]

 and fatigue life

[10]

. However, internal 

spall may be induced by LSP with sufficient pressure 

amplitude and pressure duration, which would rapidly 

decrease the fatigue life of the material. The spall formation 

procedure is as follows

[11]

: (1) Two rarefaction waves are 

generated. One comes from the incident unloading wave. The 

other is due to the reflection of incident shock wave from the 

bottom surface. (2) Dynamic tensile stress inside the material is 

induced due to the interaction of two rarefaction waves. (3) The 

spall occurs by sufficient magnitude and duration of dynamic 

tensile stress. For example, spall strength of Al-HP RX 

(high-purity recrystallized aluminum) with 500 µm thickness 

is 3.7 GPa during LSP with 2.9 µs

-1

 strain rate. Therefore, it is 

very important to study the over peening effect in the field of 

surface modification of LSPed metals. 

Many researchers focused their attention on the improve- 

ment of surface integrity and fatigue performance of Al7050 

alloy with LSP. Ren et al

[5,12]

 found that deep compressive 

residual stress and high dislocation density in the surface layer 

after LSP played a role in the fatigue crack initiation and 

growth resistance of Al7050 alloy. Luong and Hill

[4] 

revealed 
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that deep compressive residual stress induced by LSP 

improved the high cycle fatigue performance of Al7050- 

T7451. Zhang et al

[13] 

indicated that two-sided LSP with four 

paths more effectively restrained the fatigue crack initiation 

and growth of Al7050-T7451. Above researched results were 

based on the fact that peak pressure of laser shock wave was 

within HEL~2HEL of material and LSP impact times at the 

same position were less than LSP-5. However, it has not been 

considered in an over peening effect of Al7050 mid-thick 

plates with LSP. 

It is inevitably required to understand the knowledge of 

dynamic deformation and spall from the protection of 

aerospace components. The spall behavior of Al alloy has 

been extensively studied. Many researchers focused their 

attention on how spall strength depends on the loading 

condition and influence of microstructure on spall failure of Al 

alloy. Wang et al

[14]

 found that spall strength of pure aluminum 

rapidly increased with the tensile strain rate at about 10

6 

s

-1

 by 

laser irradiation experiments. Brewer et al

[15]

 found that the 

spall fracture surface morphology of thin aluminum targets 

could be characterized by brittle intragranular fracture or 

ductile transgranular fracture. The spall strength increased with 

increasing the ductile fracture character. Dalton et al

[16]

 and 

Pedrazas et al

[17]

 extended the fundamental understanding by 

examining the effect of impurity particle, grain size and 

inclusions on the spall of aluminum with laser shocked load. 

Nevertheless, internal spall of Al7050 mid-thickness with LSP 

has never been reported. 

In this paper, an over peening effect of Al7050 mid-thick 

plates treated by continued multiple LSP impacts at the same 

position was presented based on surface integrity and internal 

spall. The surface integrity included surface morphology, 

surface residual stress, micro-hardness and microstructure. 

Optimized process was also discussed. The research results 

provided an important reference for the industry application of 

Al7050 alloy with LSP. 

1  Experiment 

Al7050 mid-thick plate with the dimensions of 50 mm×50 

mm×5 mm (length×width×thickness) was selected as experi- 

mental material. Its chemical composition (wt%) is listed in 

Table 1. Its mechanical properties are elastic modulus of 72 

GPa, Poisson's ratio of 0.33, and HEL of 1.1 GPa

[18]

. The 

surface of sample was treated by continued multiple LSP 

impacts at the same position. High laser energy of 30 J was 

used to study the over peening effect. A water curtain and a 

3M aluminum foil were used as transparent confining layer 

and absorbed layer, respectively. Experimental parameters of 

LSP are listed in Table 2. 

LSP experiments were carried out with a Q-switched Nd: 

YAG laser system and overlapping square spots, as shown in 

Fig.1. The experimental LSP setup comprised of (i) A 

Nd:YAG laser system with circular laser beam, a wavelength 

of 1064 nm and pulse width of 15 ns; (ii) A beam delivery 

system consisting of a focus lens and a beam shaping lens, 

which made circular spots focus onto square spots at the surface 

of Al7050 alloy; (iii) A 6-axis manipulator; (iv) A deionized 

water curtain supplying system with a water container. 

Surface integrity and internal spall of Al7050 alloy treated 

by continued multiple LSP impacts at the same position were 

measured, including surface morphology, surface residual 

stress, and micro-hardness in depth, and cross-sectional 

microstructure and cross-sectional spall characteristic. 

The surface morphology along the X direction path at the 

center of spot was measured by the super depth 3D micro- 

scope system with VHX-5000. The surface residual stress in 

the Y direction along the X direction path at the center of spot 

was determined by LXRD equipment using X-ray diffraction 

with sin2Ψ method, as shown in Fig.2. The measurement 

spacing was 2 mm. X-ray beam diameter was about 2 mm. 

X-ray source was Cr target and the diffraction plane was 

 

Table 1  �hemical composition of Al7050 alloy (wt%) 

Zn Mg Cu Cr Zr Si Fe Al 

5.7~6.7 1.9~2.6 2.0~2.6 ≤0.04 0.08~0.15 ≤0.12 0.15 Bal. 

 

Table 2  Experimental parameters of LSP 

Laser energy/J Pulse width/ns Continued multiple LSP impacts Spot size/mm Confining layer, h/mm Absorbing layer, h/mm Frequency/Hz 

30 15 LSP-1~LSP-8 4×4 1~2 0.12 1 

 

 

 

 

 

 

 

 

 

 

Fig.1 Schematic diagram of LSP setup 

α-phase (311) plane. The diffraction angle was 139°. 

Micro-hardness in depth of the cross sectional samples at 

the center of spots was measured by a HXD-1000TMC LCD 

Vickers indenter with a load of 1960 N and a dwell time of 5 s. 

The measurement spacing was 0.15 mm between successive 

points and micro-hardness value of each point was determined 

by 2~3 indentations. The cross-sectional microstructures at the 

center of spots were observed by optical microscope (OM). 

The corrosive liquid was hydrofluoric:nitric acid:water=1:2:7 

with corrosive time of 10 s. 

YAG laser 

E=30 J, λ=1064 nm 

Manipulator (x, y, z) 
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Fig.2  Measured points of residual stress in LSP regions 

 

2  Results and Discussion 

2.1  Surface morphology 

Fig.3 presents the surface morphologies of Al7050 alloy 

treated by continued multiple LSP impacts at the same 

position along the X direction at the center of spots. The 

surface profiles with maximum depressions H in the X 

direction are presented and 0.1 H from the upper limit of the 

surface profiles is defined as the measuring datum line. 

Intersection spacing between the measuring datum line and 

the surface profile is defined as laser shocked size which is 

about 5 mm after LSP-1, as shown in Fig.3a. Micro-dent 

depressions H are about 43.5 µm for LSP-1, 142.9 µm for 

continued LSP-4, 197.8 µm for continued LSP-5, 291 µm for 

continued LSP-8. Micro-dent ridges are 23.7 µm for LSP-1, 

82.3 µm for continued LSP-4, 130.8 µm for continued LSP-5, 

197 µm for continued LSP-8. Fig.4 shows the micro-dent 

depth and the height of ridges of Al7050 alloy with continued 

multiple LSP impacts at the same position. From Fig.4, the 

increasement amplitude of micro-dent ridges is maximum 

value with 58.9 % from continued LSP-4 to continued LSP-5. 

Therefore, continued LSP at the same positions should be less 

than continued LSP-5 in order to decrease the surface 

roughness of Al7050 alloy. 

2.2  Surface residual stress 

Fig.5 shows surface residual stress of Al7050 alloy in Y 

direction along the X direction path at the center of spots. LSP 

introduces compressive residual stresses in the surface layer 

and compressive residual stresses decrease with the increment 

of impact times. Compressive residual stress changes into 

tensile residual stress from continued LSP-4 to continued 

LSP-5, which may be attributed to focused effect of edge by 

high laser energy and multiple impacts. Surface residual 

stresses are –40 MPa for LSP-0, –148.8 MPa for LSP-1, –46.2 

MPa for continued LSP-2, –54.4 MPa for continued LSP-3, 

–75.6 MPa for continued LSP-4, and 82 MPa for continued 

LSP-5, and 92.4 MPa for continued LSP-6, 125.5 MPa for 

continued LSP-7 and 99.6 MPa for continued LSP-8. 

Therefore, continued LSP should be less than continued 

LSP-5. In addition, surface compressive residual stress after 

LSP-1 is low with –148.8 MPa, which may be ascribed to 

focused effect of edge induced by LSP peak pressure of more 

than 2.5 HEL of Al7050 alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Surface morphologies of Al7050 alloy treated by continued multiple LSP impacts at the same position along the X direction path at the 

center of spots: (a) LSP-1, (b) LSP-4, (c) LSP-5, and (d) LSP-8 
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Fig.4  Micro-dent depth (a) and the height of ridges (b) of Al7050 

alloy with continued multiple LSP impacts at the same 

position 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Surface residual stress of Al7050 alloy in Y direction along 

the X direction path at the center of spots: (a) continued 

LSP-1~LSP-4 and (b) continued LSP-5~LSP-8 

The compressive residual stresses induced by LSP are the 

most significant contribution to the improvement of fatigue 

properties

[19,20]

. It could cause the crack closure effect, increase 

the level of crack opening load and reduce the effective load 

range, which retarded fatigue crack propagation

[21]

. Therefore, 

continued LSP at the same position should be less than 

continued LSP-5. 

2.3  Micro-hardness at the cross section 

Fig.6 shows cross-sectional micro-hardness of Al7050 alloy 

treated by continued multiple LSP impacts at the same 

position. Micro-hardness of as-received material is about 1135 

MPa by the analysis of cross-sectional micro-hardness, as 

shown in Fig.6a. Micro-hardnesses of Al7050 alloy increase to 

about 1183 MPa for continued LSP-4 and 1180 MPa for 

continued LSP-5 in the surface layer, as shown in Fig.6b and 

Fig.6c. This reason may be attributed to cold working 

hardening layer, high density dislocations and nanograins in 

the surface layer induced by LSP. The cross-sectional 

micro-hardness after LSP gradually decreases with the 

increment of the distance from the surface. Similar results 

have been reported about TC11 alloy

 [22]

 and TC17 alloy 

[23]

. 

These results may be ascribed to attenuation of the pressure 

amplitude of laser shock wave in the target. And 

micro-hardness gradually increases from the center of dent to 

the edge of dent in the surface layer with –250 µm (Fig.6d). 

Great hardness of Al7050 alloy after LSP can bring a good 

property of fatigue resistance and prevent the foreign object 

damage (FOD) to some extent. 

However, work soft after continued LSP-4 and spall after 

continued LSP-5 is generated in the bottom layer of Al7050 

alloy, as shown in Fig.6b and Fig.6c. Micro-hardnesses fall to 

1113 MPa after continued LSP-4 and 1109 MPa after 

continued LSP-5 in the bottom layer, which may be ascribed 

to high amplitude and long duration of dynamic tensile stress 

induced by LSP. Therefore, continued LSP at the same 

position should be less than continued LSP-5, which may 

avoid the spall phenomenon and work soft caused by dynamic 

tensile stress. 

2.4  Microstructure at the cross section 

Fig.7 presents the microstructure of cross-section of Al7050 

alloy with continued LSP-5. Fig.7b~Fig.7d are the higher 

magnification of the box A, B and C in Fig.7a, respectively. 

Fig.7b is the refined grain in the surface layer after LSP. 

Fig.7c is the bottom layer after LSP. Grain in the substrate is 

shown in Fig.7d. Compared with the grains in the substrate, 

grains are refined in the surface layer after LSP. With 

increasing the distance from LSPed surface, the plastic 

deformation decreases and the grain size increases. It is 

interesting to note that the spall forms in the bottom layer after 

LSP-5.  

Fig.8 presents OM morphologies of Al7050 alloy with 

different impact times in the bottom layer

[24]

. It can be clearly 

seen from Fig.8 that the spall forms after continued LSP-5. 
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Fig.6  Micro-hardness of cross-section of Al7050 alloy treated by continued multiple LSP impacts at the same position: (a) as-received material, 

(b) continued LSP-4, (c) continued LSP-5, and (d) micro-hardness in the surface layer after continued LSP-5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Microstructures of cross-section of Al7050 alloy with continued LSP-5: (a) whole cross-sectional microstructure, (b~d) the higher 

magnifications of the box A, B and C in Fig.7a, respectively 
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Fig.8  OM morphologies of 7050 Al with different impact times in the bottom layer: (a) LSP-1, (b) LSP-2, (c) LSP-3, (d) LSP-4, (e) LSP-5, 

(f) LSP-6, (g) LSP-7, and (h) LSP-8 

 

The spall thicknesses are 364, 343, 359 and 360 µm for 

continued LSP-5, LSP-6, LSP-7, and LSP-8, respectively. 

3  Conclusions 

1) The increasing amplitude of micro-dent ridges reaches 

the maximum value from continued LSP-4 to continued 

LSP-5, up to 58.9%. 

2) Surface compressive residual stress changes to tensile 

residual stress from continued LSP-4 to continued LSP-5. 

3) Micro-hardness increases with continued LSP times in 

the surface layer and reaches a saturation value. 

Micro-hardness decreases in the bottom layer because of work 

soft and spall caused by dynamic tensile stress. 

4) Continued LSP-5 is the spall threshold of Al7050 

mid-thick plates. 
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