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Abstract: The fatigue properties of laser shock processing (LSP) on both side surfaces of fastener hole with diameter of 3 mm in the 
LY12CZ aluminum alloy specimens were investigated. The superficial residual stress was measured by X-ray diffraction method. 
Fatigue experiments of specimens with and without LSP were performed, and the microstructural features of fracture of specimens 
were characterized by scanning electron microscopy (SEM). The results indicate that the compressive residual stress can be induced 
into the surface of specimen, and the fatigue life of the specimen with LSP is 3.5 times as long as that of specimen without LSP. The 
location of fatigue crack initiation is transferred from the top surface to the sub-surface after LSP, and the fatigue striation spacing of 
the treated specimen during the expanding fatigue crack is narrower than that of the untreated specimen. Furthermore, the diameters 
of the dimples on the fatigue crack rupture zone of the specimen with LSP are relatively bigger, which is related to the serious plastic 
deformation in the material with LSP. 
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1 Introduction 
 

Laser shock processing (LSP) is a promising surface 
treatment technique to improve the fatigue properties of 
some metals and alloys [1−3]. LSP can also improve 
mechanical properties of material, such as hardness and 
yield stress. Compared with the traditional methods 
[4−7], LSP effectively generates higher magnitude and 
deeper compressive residual stresses in material surface 
layer, so the resistance to stress corrosion of the treated 
material immensely enhances and its fatigue life is 
dramatically extended. Now, LSP is recognized as an 
efficient tool to improve the resistance of metal surfaces 
against fatigue, wear or corrosion aggressions. 

It is well known that the fastener holes in airplane 
skin are used to joint skin parts into the whole body with 
rivets or bolts. The fastener hole with small size easily 
leads to stress concentration in machining and assembly 
processing, and the fatigue crack likely originates in the 
corner of the fastener hole and propagates inward the 
base body, so the security and the service life of airplane 
correspondingly reduce [8−10]. Therefore, it is 
significant for improving fatigue resistance property of 

the fastener hole to guarantee the security of the airplane 
and extend its service life. In engineering practice, some 
traditional strengthening technologies are brought into 
operation to the fastener hole, such as rod extruding [11] 
and shot peening [12], but the depth and the amplitude of 
the compressive residue stress induced by them are 
extremely limited. Moreover, they are difficult to 
strengthen the smaller holes with diameter smaller than 
2.5 mm, which are widely used in plane for joining skins 
and airframes. So the alternative technologies are 
acquired to meet the needs of higher quality 
requirements. Laser shock peening is an effectively 
strengthening technology for part with fastener hole. 
IVETIC et al [13] examined the influence of the 
sequence of operations on the effectiveness of LSP on 
the fatigue performances of open-hole in 6082-T6 
aluminum. The results indicated that fatigue 
performances in thin aluminium specimens were 
improved by the inducement of compressive residual 
stress. However, few attentions have been paid to the 
microstructural features of fracture of aluminum 
specimens with and without LSP. 

The objective of the present work was to identify 
the effect of LSP on the fatigue behavior of the fastener 

                       
Foundation item: Project (51175002) supported by the National Natural Science Foundation of China; Project (090414156) supported by the Natural 

Science Foundation of Anhui Province, China 
Corresponding author: Xing-quan ZHANG; Tel: +86-15552316517; E-mail: zhxq@ahut.edu.cn 
DOI: 10.1016/S1003-6326(14)63150-2 



Xing-quan ZHANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 969−974 

 

970 

hole. The residual stress was measured by the X-ray 
diffraction method. The fatigue crack initiation and the 
microstructural features of fracture of aluminum 
specimens with and without LSP were characterized by 
scanning electron microscopy (SEM). The change of the 
fatigue crack initiation location and the fatigue   
striation spacing on fatigue fracture surface were 
investigated. 
 
2 Experimental 
 
2.1 Material and sample preparation 

LY12CZ aeronautical aluminum alloy is a kind of 
light alloy, which possesses excellent performance, such 
as low density, high strength, good plasticity, so it has 
been used widely in airplane as skin and airframe [14]. 
Its chemical composition and mechanical properties are 
shown in Tables 1 and 2, respectively. It was dealt with 
solid solution and natural aging. The specimens were cut 
from the same plate with 3 mm thickness, and the 
dimension is shown in Fig. 1. After a single pulse laser 
shocking on both side central zones in specimen, the 
central hole with diameter of 3 mm was drilled. The 
sharp corner of central hole was polished by SiC   
paper with grade of abrasive grains 600, and the 
specimen was finally cleaned by the distilled water and 
dried in the air. 
 
Table 1 Chemical compositions of LY12CZ Al alloy (mass 
fraction, %) 

Mg Mn Cu Fe Si Zn Ni Al 

1.54 0.58 4.61 0.29 0.26 0.1 0.024 Bal.

 
Table 2 Mechanical properties of LY12CZ Al alloy 

Yield strength, 
σ0.2/MPa 

Tensile strength,
σb/MPa 

Elongation,
 δ/% 

Elastic modulus,
E/GPa 

275 435 11 68.9 
 

 
Fig. 1 Dimension and shape of specimen 
 
2.2 Principle and experimental procedure of LSP 

Prior to the laser shock, the surface zone prepared to 
be treated was covered by two layers. One was an 
ablative layer, which directly covered the specimen and 

was served as a protective layer to substitute for metal 
sheet and produce high pressure plasma. The other was a 
flowing water confining layer with thickness more than 2 
mm, which was served to retard the plasma expansion to 
get higher pressure and longer duration. After two layers 
were in place, the LSP experiment can be carried out. A 
single high energy laser pulse traveled through the water 
confining layer and irradiated the surface of an ablative 
layer. The ablative layer absorbed the laser energy to 
produce high pressure plasma. The high pressure plasma 
exerted the high pressure on the surface of metal sheet 
and induced the stress wave propagating into the metal 
target. When the magnitude of stress went beyond the 
dynamic yield strength of material, the plastic 
deformation occurred and the compressive residual stress 
generated in the irradiated area [15−17]. After one side 
surface was shocked, the other side was next to be 
irradiated at once. During the present LSP, the specimen 
was treated by a Q-switched repetition-rate laser with a 
laser beam wavelength of 1.064 μm, pulse duration of 23 
ns, the output energy of 25 J per pulse and its local spot 
of 8 mm in diameter. 
 
2.3 Residual stress measurement 

The residual stress was measured with the X-ray 
diffraction with sin2ψ method. In the present work, the 
stress instrument X-350A was used, whose collimator 
diameter was 1 mm, and the high pressure and current of 
X-ray pipe were 20 kV and 5.0 mA, respectively. The 
X-ray source was Cr Kα. In order to test the effect of 
drilling hole on the residual stress distribution, the 
surface stresses at each selected point in central zone 
were measured before and after drilling hole, 
respectively. 
 
2.4 Fatigue test equipment 

Fatigue tests were performed for different 
specimens, the shocked and the un-shocked, on an   
electro-hydraulic servo control test machine in the same 
condition. The selected parameters in the fatigue 
experiments are shown in Table 3. 
 
Table 3 Condition of fatigue experiments 

Model
Stress 
ratio R

Load 
amplitude/

kN 

Loading 
method 

Frequency/ 
HZ 

Temperature/
°C 

PLN-
100/500

0.1 7 
Sine 
wave 

6 20 

 
2.5 Fracture morphologies observation 

The fractured end of the broken specimen after the 
fatigue test was taken down to study its fracture 
morphologies. The fracture surface was observed by 
scanning electron microscopy (SEM, JSM-6490LV). 



Xing-quan ZHANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 969−974 

 

971

 
3 Results and discussion 
 
3.1 Measurement result of residual stress 

After the LSP treatment, a distinct permanent 
indentation was left in irradiated surface, which was 
easily found in Fig. 1. The surface residual stresses 
measured along the width direction of specimen are 
shown in Fig. 2. 
 

 
Fig. 2 Residual stress along spot diameter 
 

It can be seen from Fig. 2 that the LSP can 
effectively induce the compressive residual stresses in 
the laser affected zone. The profile of the residual 
stresses presents approximately the W shape. With the 
increase of distance away from the spot centre, the 
compressive residual stress first gradually increases and 
then decreases to original value. At the spot centre, the 
compressive residual stress is about 200 MPa. At the 
location of 1.6 mm radius, the residual stress reaches the 
maximum, 320 MPa. The smaller magnitude of 
compressive stress at the spot center can be attributed to 
surface wave action. Because the laser circle spot is 
employed in laser shock processing, and the surface 
waves, such as Rayleigh wave and shearing strain wave, 
generate near the spot edge [18,19]. These waves 
sequentially propagate to the spot centre and interact 
with each other there. Therefore, the reverse plastic 
waves come into the spot centre, and reduce greatly the 
preliminary residual stress induced by laser shocking. 
This phenomenon is called “Residual stress hole” in Ref. 
[20]. 

It is easily found in Fig. 2 that the residual stresses 
are partly redistributed after drilling hole. The 
compressive residual stress near the hole edge drops 
from 280 to 190 MPa in the shocked specimen, because 
the material near the hole edge is removed and the 
compressive residual stress releases greatly. Moreover, 
the detrimental tensile stresses are also found at the edge 
of hole in the untreated case, which is bad for the fatigue 
life. 

3.2 Analysis of fatigue experiment 
The specimens with and without laser irradiating 

were tested under the cyclic loading as the above 
mentioned, and finally broke into two pieces, as shown 
in Fig. 3. It can be seen that the specimen has no 
phenomenon of drawing and necking down, which is 
different from tensile failure. During the fatigue loading 
action, the data of the axial displacements versus the 
fatigue cycles were recorded, and the curves based on the 
recorded data are shown in Fig. 4. It can be found that 
the initial axial displacement of the un-shocked specimen 
is approximately 0.27 mm. With the increasing of cycle, 
the axial displacement finally increases to 0.298 mm 
before fracture, and its ultimate fatigue life is 77720 
cycles. The responding initial axial displacement in the 
case of the treated specimen is 0.122 mm. When its 
following value rises to 0.152 mm, the shocked specimen 
is pulled off, and its final fatigue life adds up to 275420 
cycles, about 350% longer than that of untreated case, 
which reveals that the LSP treatment appears to be an 
effective approach to increase the fatigue life of fastener 
hole. 
 

 
Fig. 3 Image of material object after fracture 
 

 
Fig. 4 Axial displacement versus fatigue cycle index in fatigue 
experiment 
 
3.3 Fatigue fracture morphologies 

The fatigue life of component relies closely on the 
surface manufacturing quality. Under the cyclic loading, 
the fatigue crack initiation always originates from the 
weak point, where the stress or strain concentrates. The 
micro-crack forms, progressively expands, and finally 
abruptly fractures. The above tested experiments, from 
the macro perspective, verify that the LSP treatment is 
helpful for improving the fatigue life. In terms of 
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microcosmic view, it is necessary to identify the effect of 
the LSP treatment on the mechanical and fatigue 
properties including the crack initiation location, crack 
growth rate and the final fracture zone. 

Figure 5 shows typical fracture morphologies of 
fatigue crack initiation region of hole with and without 
LSP treatment. Figure 5(a) shows the SEM morphology 
of the specimen without LSP, and Figure 5(b) shows the 
morphology of the specimen subjected to LSP. It can be 
seen from Fig. 5(a) that the fatigue crack initiation of the 
un-shocked occurs in the corner of hole, and gradually 
expands into the body of the specimen. The corner is the 
sharp-angled place where the inner surface of hole and 
surface plane intersect, and the stress concentration 
easily grows. From Fig. 5(b), the LSP affected layer in 

depth is obviously seen, and the fatigue crack initiation 
point has been transported to the sub-surface from the 
superficial layer and emerges at inner wall of hole. As a 
result of the LSP treatment, the material grains are 
refined [16,21], and the high density dislocations are 
induced into the treated surface layer, which contribute 
to the improvement of surface hardness and surface 
residual stress. Hence, the fatigue crack initiation 
location is compelled to migrate from the top treated 
layer to the untreated sub-surface where surface quality 
is relatively low. 

After crack nucleation has formed under the  
cyclic loading, the crack experiences the stable growth 
for a while, and specimen factures little by little   
during the period. Figures 6(a) and (b) show the fracture 

 

 

Fig. 5 Morphologies of fatigue crack initiation region on LY12CZ specimens: (a) Without LSP; (b) With LSP 
 

  
Fig. 6 Morphologies of fatigue crack grouth region on LY12CZ specimens: (a) Without LSP; (b) With LSP; (c) Magnified image of 
circle A in (a); (d) Magnified image of circle B in (b) 



Xing-quan ZHANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 969−974 

 

973
 
morphologies of fatigue crack growth at this stage of 
fastening hole without and with LSP treatment, 
respectively. Figures 6(c) and (d) show the magnified 
graphs of the marked zones in Figs. 6(a) and (b), 
respectively. It can be observed clearly that the fairly 
typical fatigue striations exist and occupy a large portion 
of the fatigue plateaus. These fatigue striations are 
parallel to each other and perpendicular to crack 
expanding direction. Every striation is corresponding to a 
loading cycle. But the average fatigue striation spacing 
of the un-shocked is larger than that of the shocked, and 
the density of the fracture striations in the LSP treatment 
is higher than that of non-LSP case. In addition, more 
micro-cliffs can be found along the fatigue crack path of 
specimen subjected to the LSP treatment. 

The variation of the fatigue striation spacing is 
closely concerned with the stress intensity factor range 
(ΔK) at the local area of crack tip, and the fatigue crack 
growth rate da/dN is proportional to (ΔK)4 [22], so the 
relationship between the fatigue crack growth rate da/dN 
and the fatigue striations spacing can be established 
through ΔK. Consequently, the narrower fatigue striation 
spacing represents the slower fatigue crack growth rate 
da/dN of specimen with the LSP treatment, which shows 
the LSP treatment can prevent crack growth and 
contribute to extending fatigue life. 

Figure 7 displays many dimples on the fatigue crack 
rapidly expanding region where the distance from the  
 

 

Fig. 7 Final fracture morphologies of LY12CZ specimens:   
(a) Without LSP; (b) With LSP 

spot center equals 3.5 mm. Some inclusions are also 
clearly seen. The fracture shows the similar characteristic 
with a ductile material [23]. When the stress imposed by 
the external loading exceeds yield strength of material, 
plastic deformation occurs. At the same time, inclusions, 
precipitated phase, grain boundaries, sub-boundaries and 
other plastic flowing places in material generate 
dislocation pile-up, where stress concentration produces 
and some micro cavities may form. With the increase of 
the strain, micro cavities further grow up, so there are 
many isometric dimples on the fracture surface, and the 
inclusion lies at the bottom of dimples. Nonetheless, it 
can be seen from the Figs. 7(a) and (b) that the dimples 
on the fatigue fracture of specimen treated by laser are 
bigger than those of the untreated specimen, and some 
tear ridges are also found on the outside of dimples of the 
treated specimen fracture, which demonstrate that serious 
plastic deformation occurs before the fracture of the 
specimen with the LSP treatment. 
 
4 Conclusions 
 

1) The compressive residual stress can be squeezed 
into the material surface subjected to LSP, and its value 
in the spot central zone is smaller, which is attributed to 
surface wave action. After drilling hole in LSP treated 
zone, the compressive residual stress amplitude near the 
edge of hole has a sharp decline. 

2) The quality of surface treated by LSP was 
improved. The location of fatigue crack initiation 
transferred from the top surface to the sub-surface after 
laser shock, and the fatigue striation spacing with 
shocked was smaller than the average fatigue striation 
spacing of the un-shocked. 

3) Under the sine wave cyclic loading condition, 
fatigue crack growth was effectively affected by LSP, 
and its expanding rate became slower. The fatigue life of 
fastener hole treated by LSP was 3.5 times as long as that 
of the un-treated. 
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激光冲击强化对紧固孔疲劳寿命的影响 
 

张兴权，陈六三，余晓流，左立生，周 煜 

 
安徽工业大学 机械工程学院，马鞍山 243002 

 
摘  要：研究激光冲击对航空铝合金 LY12CZ 紧固孔疲劳特性的影响，孔的直径为 d3 mm。利用 X 射线衍射法测

量残余应力，对试件进行疲劳断裂实验，并用扫描电子显微镜(SEM)观察试件疲劳断口的微观特征。结果表明：

激光冲击会在紧固孔端面形成残余压应力，冲击试件的疲劳寿命是未冲击的 3.5 倍。通过断口的观察和比较发现，

冲击后试件的疲劳裂纹源于次表层，而不是源于试件表层，冲击后疲劳断口快速扩展区的疲劳条纹间距比未冲击

试件疲劳断口快速扩展区的疲劳条纹间距要小。另外，在冲击试件断裂区的韧窝明显比未冲击的要大，这与冲击

时材料内发生塑性变形有关。 

关键词：激光冲击强化；紧固孔；疲劳寿命；LY12CZ 
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