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Abstract: The spall characteristics of Al7050 alloy with different thicknesses treated by laser shock peening (LSP) with different 

process parameters (Process-1 and Process-2) were investigated to obtain the spall mechanism and spall threshold. The particle 

velocity of rear free surface and spall crater morphology in 0.33 mm thick Al7050 induced by LSP with Process-1 were measured 

and analyzed by a Photonic Doppler Velocimetry (PDV) system and scanning electron microscope (SEM), respectively. Spall sizes, 

spall thicknesses and spall fracture morphology in 5 mm thick Al7050 induced by LSP with Process-2 were analyzed by C-scan 

ultrasonic nondestructive testing with water immersion, optical microscope (OM) and SEM, respectively. The spall strength and LSP 

strain rate of 0.33 mm thick Al7050 were calculated by PDV data. Spall crater morphology was also analyzed. Results show that the 

spall sizes of 5 mm thick Al7050 increase with continued multiple LSP impacts and its spall thicknesses are in the range from 343 

µm to 364 µm. Spall mechanism is mixture ruptures of ductile behavior with spherical voids and brittle behavior with straight cracks. 

Continued LSP-5 was the spall threshold of 5 mm thick Al7050. Compared with as-received material, the micro-hardness of 5 mm 

thick Al7050 with continued LSP-5 increases in the surface layer and decreases near rear free surface. The results provide not only 

some important insights on the spall behavior of aluminum alloy with laser shock but also fundamental research for avoiding the 

spall in industrial applications. 
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Laser shock peening (LSP) is a novel surface treatment 

technology, which has been widely used to improve fatigue 

life

[1]

 and foreign object damage resistance of blades

[2]

. During 

LSP process, metal surface is irradiated with a laser beam of 

high energy intensity (GW/cm

2

) and short pulse widths (ns). 

Then laser shock wave with high pressure (GPa) and high 

strain rate (10

6 

s

-1

) is generated due to the volume expansion 

of plasma and its blast

[3]

, which spreads into the metals. When 

the peak pressure of laser shock wave exceeds Hugoniot 

elastic limit (HEL) of metals, severe plastic deformation and 

surface modification are obtained in the surface layer of 

metals. LSP introduces compressive residual stress layer with 

about 1 mm depth, refined grains and low surface roughness

[4]

. 

However, there are some problems at the edge of blades with 

LSP, such as bending deformations

[5]

, and the internal damage 

induced by dynamic tensile stress

[6]

, especially the spall. The 

spall would rapidly decrease the fatigue life of components. 

The spall induced by certain dynamic tensile stress, 

generated by the interaction between the incident unloading 

wave and the reflected release wave, is a kind of internal 

rupture

[7-9]

. Some researchers have investigated the spall 

strength of pure aluminum with LSP. Tollier et al

[10]

 and Wang 

et al

[11]

 found that the spall strength of pure aluminum rapidly 

increased with LSP strain rate more than 10

6 

s

-1

. Wang et al

[12]

 

reported the effect of aluminum microstructures on the spall 

strength by a series of plate impact spall experiments. 

Resseguier et al

[13] 

studied the spall strength of 500-µm-thick 

aluminum, which was impacted by 250-µm-thick aluminum 

flyers. However, the spall strength and LSP strain rates of 

Al7050 alloy were seldom reported. 

In addition, more attentions had been paid to spall thickness 

and spall mechanism of metals with LSP. Cottet et al

[14] 
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studied the spall thickness of aluminum with different 

thicknesses treated by LSP with laser power density (TW/cm

2

). 

The results indicated that 35-µm-thick spall, 100-µm-thick 

spall and 140-µm-thick spall were generated in 200-µm-thick 

aluminum with pulse width of 0.6 ns, 1000-µm-thick 

aluminum with pulse width of 2 ns and 900-µm-thick 

aluminum with pulse width of 35 ns, respectively. Tyler et al

[15] 

reported the spall mechanism of Ti64 with 6-mm and 12-mm 

thicknesses treated by plate impact experiments. The spall 

micro-mechanism was nucleation, propagation and 

coalescence of micro-voids. However, the spall thickness and 

spall mechanism of Al7050 with 5 mm thickness treated by 

LSP were seldom investigated. 

Furthermore, the research of spall fracture morphology 

would further explore the potential correlations between 

microscopic structures and the continuum spall. Lescoute et 

al

[16] 

investigated the spall fracture morphology of 

200-µm-thick aluminum with high energy laser irradiation of 

TW/cm

2

. Rességuier et al

[17]

 investigated the facture 

morphology in the spall craters of 260 µm thick tin foils 

treated by LSP with laser energy of 22~990 J, pulse duration 

of 3~5 ns and spot size of Φ2~Φ4 mm. Jarmakani et al

[18] 

reported the spall fracture morphologies of polycrystal and 

monocrystal with LSP. Wielewski et al

[19]

 showed the nature 

of spall initiation and propagation in TC4 with plate impact 

experiments. The spall initiation was the nucleation of voids at 

the grain boundaries between plastically hard/soft grains of 

the dominant hcp α phase. The spall propagation was the 

growth/coalescence of the nucleated voids. Dalton et al

[20] 

investigated that the spall fracture morphologies of Al alloy 

with refined grains were a combination of brittle intragranular 

fracture and ductile transgranular fracture. However, it was 

seldom studied that the spall fracture morphology of 

5-mm-thick Al7050 treated by LSP (GW/cm

2

). 

In the present paper, the spall characteristics of Al7050 with 

different thicknesses were analyzed. The LSP strain rate, spall 

strength, spall size and spall thickness of Al7050 were measured 

and formulated. Moreover, the spall fracture morphologies and 

its whole cross-sectional micro-hardness were also observed. 

These topics discussed could provide some important insights 

on the spall behavior of aluminum alloy, which would be 

beneficial to LSP application in industry. 

1  Experiment 

Al7050 with the dimensions of 50 mm×50 mm×5 mm and 

Φ20 mm×0.33 mm were selected as experiment material. The 

chemical composition (wt%) is listed in Table 1. The 

mechanical properties were elastic modulus of 72 GPa, 

Poisson's ratio of 0.33 and HEL of 1.1 GPa. The surface of 

Al7050 was treated by continued multiple LSP impacts at 

single spot (LSP-1~LSP-8) by Nd:YAG laser system, as 

shown in Fig.1. The pulse frequency was 1 Hz and laser 

wavelength was 1064 nm. The LSP process parameters are 

labeled as Process-1 and Process-2, as listed in Table 2. The 

Al7050 with 0.33 mm thickness and 5 mm thickness were 

treated by Process-1 and Process-2, respectively. 

The rear free surface velocity of 0.33 mm thick Al7050 was 

measured by a photonic Doppler velocimetry (PDV) system to 

obtain the spall strength and LSP strain rate

[21]

. The fracture 

morphology of the spall crater of 0.33 mm thickness Al7050 

was analyzed by scanning electron microscope (SEM) with 

SUPRA55. 

5 mm thick Al7050 was measured by a C-scan ultrasonic 

nondestructive testing with water immersion to analyze the 

plane spall sizes. C-scan ultrasonic nondestructive testing 

apparatus includes KSI ultrasonic microscopic detection 

system and ultrasonic longitudinal wave vertical reflection 

method. Instrument parameters were 50 MHz focusing probe 

with water immersion, 0.8~24 dB sensitivity, and scan 

imaging ×500 (0.1 mm scan spacing). The cross-sectional 

spall thickness and spall fracture characteristics of 5 mm thick 

Al7050 were analyzed by optical microscope (OM) and SEM. 

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

 

Table 1  Chemical composition of Al7050 (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. 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of LSP setup 

 

Table 2  Experimental parameters of LSP 

Process 

number 

Thickness/ 

mm 

Laser power 

density/GW·cm

-2

 

Pulse 

width/ns 

Continued LSP impacts 

at single spot 

Spot 

size/mm 

Confining layer 

thickness/mm 

Absorbing layer thickness 

(3M aluminum foil)/mm 

Process-1 0.33 3.78 7.32 1 time (LSP-1) Φ3 4 (K9 glass) 0.1 

Process-2 5 12.5 15 

1~8 time 

(LSP-1~LSP-8) 

4×4 1~2 (water) 0.12 

YAG laser 

E=30 J, λ=1064 nm 

Manipulator (x, y, z) 
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with corrosive time of 10 s. Micro-hardnesses were measured 

by a HXD-1000TMC LCD Vickers indenter with a load of 2000 

N and a dwell time of 5 s. The measurement spacing was 0.15 

mm between successive points. 

2  Results and Discussion 

2.1  Rear free surface velocity measurements in 0.33 

mm thick samples 

Fig.2 shows the rear free surface velocity profiles recorded 

in Al7050 with 0.33 mm thickness. LSP shock breakout 

induces a steep acceleration of the rear free surface velocity. 

The measured profile of the rear free surface velocity shows a 

deceleration due to the reflection of the unloading wave from 

the rear free surface. At about 0.063 µs, an elastic precursor 

wave is generated. It indicates that the propagation of the 

elastic wave reaches the rear free surface at this time. And the 

rear free surface velocity is about 121 m/s. At 0.0761 µs, the 

rear free surface velocity reaches the first peak velocity of 

about 673.6 m/s. At 0.0882 µs, the rear free surface velocity 

reaches the first minimum velocity of about 378.4 m/s. It 

implies that spall damage at some distance beneath the rear 

free surface is initiated and induces a stress relaxation of the 

local tensile stresses (negative pressure). Then the 

compressive wave propagates from the spall plane to the rear 

free surface and produces a reacceleration called the spall 

pulse

[22]

. Thereafter, wave reverberates between the spall plane 

and the rear free surface, which produces damping oscillations. 

The velocity pullback ∆u is from the peak velocity to the 

beginning of the spall pulse (first minimum velocity). 

According to an acoustic approximation and a roughness 

description of spall failure, the velocity pullback ∆u is the 

maximum tensile stress induced by spall plane. The maximum 

tensile stress is referred to as the spall strength σ

R

[17]

: 

R 0 0

/ 2c uσ ρ= ∆                                (1) 

where, ρ

0

 is the initial material density of 2700 kg/m

3

. c

0

 is the 

bulk sound speed of 5386 m/s

[23]

. Therefore, the spall strength 

of Al7050 with 0.33 mm thickness is 2.15 GPa.  

The corresponding strain rate 

ε

�

 can be estimated as: 

0 1

/ 2u c tε = ∆ ∆

�

�                              (2) 

where, 

1

/u t∆ ∆

 is the mean slope of the deceleration ∆u before 

the spall pulse. In the present LSP, the measured strain rate is 

about 2.3×10

6 

s

-1

.  

The spall plate thickness h can be calculated as: 

0 2

=h c t⋅ ∆                                  (3) 

where, 

2

= 0.0177t∆ µs which is the time of going and back 

inside the target. Therefore, spall thickness is about 95.3 µm. 

2.2  Observations of the spall crater in 0.33 mm thick 

samples 

Fig.3 shows the fracture morphology of the spall crater of 

Al7050 with 0.33 mm thickness. It is evident that the spall is 

formed by the one layer lifting out, as shown in Fig.3a.The spall 

is in the form of a surface crater, as shown in Fig.3b. Surface 

crater is not circular spall, which may be attributed to laser 

beam profile with spatial Gaussian distribution. Crack lines 

can be seen on the surrounding of crater. Fig.3c and Fig.3d are 

the higher magnifications of ellipse A and ellipse B in Fig.3b, 

respectively. The fracture surface consists of typical dimples 

and smooth surface. The dimples result from the nucleation, 

growth and coalescence of spherical voids under the tensile 

stress. The similar result has been reported and the strain rate 

is 0.8×10

6 

s

-1 [23]

. The detailed view in Fig.3d shows that the 

sizes of these voids at coalescence range from less than 1 µm 

to a few µm. The nucleation and the growth of straight cracks 

lead to smooth fracture surface, as shown in Fig.3c, which 

indicates a brittle behavior. The similar results have been 

researched in Ref. [24]. Therefore, the mixture ruptures 

behavior of Al7050 with 0.33 mm thickness is generated with 

the ductile behavior and the brittle behavior. The similar 

results have been reported in Ref. [16]. 

2.3  Spall detections with nondestructive testing in 5 mm 

thick samples 

Fig.4 presents the images of C-scan of Al7050 with 5 mm 

thickness. No spall is observed in the shocked region after 

continued LSP-1~LSP-4, as shown in Fig.4a. However, the 

spall is observed in the shock region after continued 

LSP-5~LSP-8. Therefore, continued LSP-5 is the spall 

threshold of Al7050 with 5 mm thickness. The spall sizes 

increase with multiple LSP impact times. The spall sizes are 

0.671 mm for continued LSP-5, 1.794 mm for continued LSP-6, 

1.843 mm for continued LSP-7 and 1.555 mm for continued 

LSP-8. Fig.4b presents the spall thickness from the rear free 

surface after continued LSP-7. The spall thickness is 377 µm 

after continued LSP-7. 

According to the criterion of the spall damage, the position 

of the spall in a thick metal is farther away from rear free 

surface than that in a thin metal. Therefore, the ejection of the 

spalled layers is generated in 0.33 mm thick Al7050 with LSP, 

as shown in Fig.3. However, the spall without ejection is 

formed in 5 mm thick Al7050 with continued multiple LSP, as 

shown in Fig.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Rear free surface velocity profiles recorded in Al7050 with 

0.33 mm thickness 
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Fig.3  Schematic diagram of the spalled layer ejection (a) and fracture 

morphology of the spall crater of Al7050 with 0.33 mm thick- 

ness (b); magnified ellipse A (c) and ellipse B (d) in Fig.3b 

 

2.4  Cross-sectional spall fracture characteristics in 5 mm 

thick samples 

Fig.5 shows the cross-sectional spall fracture morphologies 

of Al7050 with 5 mm thickness near rear free surface. The 

inset in Fig.5a is the schematic of rectangle-like samples. The 

spall region (blue shaded) in the examined cross-section (light 

shaded) is normal to shock loading directions (arrows' 

indicating), far away from the lateral boundary of the sample. 

The marked square is the exact location of the regions 

illustrated in Fig.5a. Continuous cracks/spalls are observed in 

Fig.5. The thickness of the separated layer is uniform along 

the spall plane. The spall thicknesses are measured to be 364 

µm for continued LSP-5, 343 µm for continued LSP-6, 359 

µm for continued LSP-7, 360 µm for continued LSP-8. The 

spall thickness measured by OM images in Fig.5c is nearly 

consistent with the spall thickness measured by C-scan in 

Fig.4b after LSP-7.  

SEM characterization of the cross-sectional spall fracture 

morphology could be performed to gain insight into the physical 

nature of the damage evolution in Al7050 with 5 mm thickness. 

Fig.6 shows SEM images of the spall of Al7050 with 5 mm 

thickness. The SEM microstructure displays the typical features 

of ductile behavior. The spall damage consists of the nucleation, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Images of C-scan of Al7050 with 5 mm thickness: (a) spall 

sizes and (b) spall thickness after continued LSP-7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Cross-sectional spall fracture morphologies of Al7050 with 5 mm thickness near rear free surface: (a) continued LSP-5, (b) continued LSP-6, 

(c) continued LSP-7, and (d) continued LSP-8 (the inset in Fig.5a is the schematic of rectangle-like sample) 
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Fig.6  SEM images of the spall of Al7050 with 5 mm thickness:   

(a) transgranular failure and (b) nucleation at the second phase 

 

growth, and coalescence of spherical voids. The voids are 

distributed in a narrow and concentrated range, and their 

coalescences are a simple process of direct contact of the grown 

voids. The damage microstructure of the spall also reveals the 

ductile transgranular failure, as shown in Fig.6a. The similar 

result has been reported in laser-induced spall of aluminum and 

aluminum alloys

[20]

. The most voids or cracks are nucleated at 

the second phase particles, as shown in Fig.6b. The sizes of 

these voids at coalescence range from 1 µm to a few µm. 

The void growth and coalescence are a process of energy 

dissipation, which is related to the damage distribution of the 

voids. For Al7050, the damage distribution of the voids is 

narrow and centralized. Therefore, the coalescence process 

leads to low energy dissipation, which indicates that the spall 

strength of Al7050 is low. As a general rule, void nucleation 

results from the in-homogeneity in plastic deformation 

between the matrix and the inclusions. Thus void initiation 

sites are usually at the second phase particles. Under the 

combined effect of the dynamic tensile stress induced by LSP 

and the mean stress or stress-triaxiality ratio, the voids grow, 

interact with each other and form the coalescence. It 

eventually leads to the overall observed spall. 

2.5  Microhardness at the cross section 

Fig.7 shows microhardness of Al7050 with continued LSP-5. 

Microhardness (HV) of as-received material is about 1135 MPa 

by the analysis of cross-sectional microhardness, as shown in 

Fig.7a. However, microhardnesses of Al7050 with continued 

LSP-5 increase to about 1180 MPa. It may be attributed to the 

cold working hardening layer, high density dislocations and 

nanocrystals in the surface layer induced by LSP. The cross- 

sectional microhardness after continued multiple LSP gradually 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Surface microhardness of Al7050 with continued LSP-5 at the 

cross section (a) and the edge of the dent (b) 

 

decreases with the increment of the distance from the surface. 

Similar results have been reported about TC11 alloy

[25]

 and TC17 

alloy

[26]

. These results may be ascribed to attenuation of the peak 

pressure of laser shock wave in the target. However, work soft 

and spall are generated near rear free surface, and microhardness 

falls to about 1109 MPa, which may be ascribed to high 

amplitude and long duration of dynamic tensile stress induced by 

LSP. Surface microhardness gradually increases from the center 

of dent to the edge of dent in the shocked area of Al7050, as 

shown in Fig.7b. Great hardness of Al7050 with LSP can bring a 

good property of fatigue resistance and prevent the foreign 

object damage (FOD) to some extent. 

3  Conclusions 

1) The spall strength and LSP strain rate in 0.33 mm thick 

Al7050 with LSP are 2.15 GPa and 2.3×10

6

 s

-1

, respectively. 

The fracture morphology of spall crater in 0.33 mm thick 

Al7050 is the mixture ruptures of the ductile with typical 

dimples and the brittle with smooth fracture surfaces. Typical 

dimples are the nucleation, growth and coalescence of 

spherical voids. Smooth fracture surfaces are generated by the 

nucleation and the growth of straight cracks. 

2) Continued LSP-5 is the spall threshold in 5 mm thick 

Al7050. The plane spall sizes are 0.671 mm for continued 

LSP-5, 1.794 mm for continued LSP-6, and 1.843 mm for 

continued LSP-7 and 1.555 mm for continued LSP-8. The 

cross-sectional spall thicknesses of 5 mm thick Al7050 are 
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364 µm for continued LSP-5, 343 µm for continued LSP-6, 

359 µm for continued LSP-7, 360 µm for continued LSP-8. 

3) The cross-sectional spall fracture morphology shows that 

the most voids or cracks are nucleated at the second phase 

particles. Ductile transgranular failure forms. The micro- 

hardness of 5 mm thick Al7050 with continued LSP-5 

increases from about 1135 MPa of as-received material to 

about 1180 MPa in the surface layer. However, work softing 

and spall are generated near rear free surface and micro- 

hardness decreases to about 1109 MPa. 
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