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Abstract: The objective of the present study was to estimate the influence of laser shock peening on
the fatigue properties of AA2024-T3 specimens with a fastener hole and to investigate the possibility
to heal the initial cracks in such specimens. Fatigue cracks of different lengths were introduced in
the specimens with a fastener hole before applying laser shock peening. Deep compressive residual
stresses, characterized by the hole drilling method, were generated into the specimens by applying
laser shock peening on both sides. Subsequently, the specimens were subjected to fatigue tests.
The results show that laser shock peening has a positive effect regarding the fatigue life improvement
in the specimens with a fastener hole. In addition, laser shock peening leads to a healing effect on
fatigue cracks. The efficiency of this effect depends on the initial crack length. The effect of laser
shock peening on the fatigue life periods was determined by using resonant frequency graphs.

Keywords: laser shock peening; fatigue cracks; AA2024-T3; fastener holes

1. Introduction

Riveting is the most common method to join structural elements in the aircraft industry [1]. This is
attributed to numerous practical advantages such as the relatively low cost, applicability of automatic
assembly operations, and possibility of joining dissimilar materials. However, riveted and bolted joints
have some disadvantages: rivets add weight to the structure, parts cannot be disassembled without
destroying the rivet, and riveted joints are prone to fatigue failure. The fatigue behavior of riveted
joints was explicitly investigated in previous studies. The mechanism of fatigue crack initiation and the
configuration of the crack depend on various factors, e.g., rivet type, squeeze force, sheet thickness,
etc. [2]. However, one of the major factors controlling the fatigue properties of a riveted joint is the
stress concentration of the hole itself. Due to stress concentration at the rivet holes, fatigue cracks
mainly nucleate at or close to rivet holes. This phenomenon was well described by Schijve [3]. Since
the fatigue of aircraft structures is extremely important for ensuring the safety of the aircraft, different
techniques were developed to improve the fatigue behavior of fastened joints. Skorupa et al. [4]
studied the influence of interference fitting on fatigue behavior of rivet holes in AA2024-T3, and it was
established that for axial loading with increasing the squeeze force, the fatigue life extends. Currently,
one established technique is cold expansion. This technique utilizes the introduction of residual stresses
around the hole. These compressive residual stresses lead to fatigue crack growth retardation under
cyclic loading, improving the fatigue resistance. Fu et al. [5] investigated various approaches of cold
expansion, and it was established that the fatigue life of AA7050 can be increased by a factor of six using
cold expansion. Yongshou et al. [6] investigated the residual stress field around the expanded hole
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and fatigue properties of the aluminum alloy LY12-CZ with various interference values (interference
value describes how much a mandrel radius is larger than a hole radius), and it was shown that with
increasing interference value from 0% to 6%, the fatigue life increases by a factor of six.

Another promising way to improve the behavior of fatigue critical components is laser shock
peening (LSP) [7]. LSP is a process in which under the influence of laser pulses, mechanical shock waves
arise, propagating under the surface of the material [8]. When the peak pressure of waves exceeds the
Hugoniot elastic limit (HEL) of the material, plastic deformation occurs, which leads to compressive
residual stresses within the material, i.e., near the surface. The subsurface compressive residual stresses
are balanced by the stress field within the material or in zones adjacent to the LSP-treated area. In recent
years, various studies have been conducted on the effect of LSP on the fatigue properties of different
metallic alloys. Ivetic et al. [9] investigated the effect of the sequence of processes (hole introduction and
LSP) on the fatigue properties of AA6082-T6 specimens. The experiments showed that the sequence of
processes is important for the improvement of the fatigue life. The beneficial effect of LSP is higher if the
hole is introduced after LSP. This is linked to the fact that compressive residual stresses in LSP-treated
specimen are compensated by tensile residual stresses [3], and in the case of applying LSP after drilling
a hole, the magnitude of tensile stresses would be higher, which would lead to a shorter fatigue life.
Achintha et al. [10] evaluated the effect of the size of the LSP-treated area on fatigue properties of
AA2024-T3 specimens. Two cases were considered: (i) LSP was performed just around the hole, and (ii)
LSP was applied across the entire width of the specimen. The results showed that specimens with a
smaller treated area around the hole can withstand more loading cycles than specimens peened along the
entire width. Jiang et al. [11] considered the effect of the laser radiation power density on the distribution
of residual stresses through the specimen thickness and on the fatigue life of AA7050-T7451 specimens.
The results showed that with an increase of the laser power density, the fatigue life of specimens tends to
increase. Various power densities lead to different types of residual stress distribution, crack initiation
regions, and crack growth directions. The crack growth rate in the LSP-treated field also depends on
the pulse power density. Chupakhin et al. [12] investigated the effect of pulse energy and number of
treatment overlaps. The experiments were conducted on AA2024-T3 specimens with 2 mm thickness.
The study showed that the determining factor is the total amount of energy applied to the specimens,
but not the laser power density or number of overlaps alone. Fomin et al. [13] studied the effect of LSP
on the fatigue properties of laser beam-welded Ti-6Al-4V butt joints. It was observed that LSP mainly
affects surface defects rather than internal defects. Another study regarding laser beam welding was
performed on AA6056 [14]. The authors studied the effect of LSP on pre-cracked laser beam-welded
specimens (crack depth is approximately 1.2 mm), and it was established that LSP allows recovering the
fatigue life of specimens with surface fatigue cracks to as-welded condition (without surface fatigue
cracks). Kashaev et al. [15] investigated the effect of LSP on the fatigue crack propagation behavior of
AA2024-T3 specimens with 2 mm thickness. It was shown that applying LSP can significantly reduce
fatigue crack propagation, and the higher the laser energy or the number of overlaps, the stronger the
retardation effect. Liu et al. [16] studied the possibility of treating fatigue cracks in a polycrystalline
copper film. As a result of the fatigue test, it was found that applying LSP to damaged specimen
is more advantageous than applying LSP to undamaged specimen in terms of fatigue life extension.
These results suggest that the healing of fatigue cracks is possible for different metallic materials.
Busse et al. [17] reported the effect of LSP on riveted lap joints. The authors used different strategies,
i.e., process parameters and areas of applying LSP to the specimens. Every chosen strategy showed that
LSP increased the fatigue life of riveted joints but to varying degrees. Overall, it can be summarized that
the laser parameters, size, and form of the treated area are crucial for improving the fatigue properties.

This study addresses two objectives. The first one was to estimate the influence of LSP on fatigue
crack initiating and propagation in specimens with a fastener hole. The second one was to investigate
the possibility of healing already existing cracks in specimens with a fastener hole using LSP.
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2. Materials and Methods

2.1. Material and Specimens

AA2024-T3 is one of the most widely used aluminum alloys in the aircraft industry [18]. AA2024-T3
refers to an aluminum alloy of the Al-Cu-Mg system alloyed with manganese.

Figure 1 shows the geometry of the specimens used for fatigue tests. The central hole simulates a
fastener hole in a riveted/bolted joint of a fuselage structure. Its diameter of 4.8 mm corresponds to the
common size of a rivet hole [19]. The thickness of the specimens is 2 mm.

35

—74%/@—&—7@/@&—'6 o) |
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o

Figure 1. Geometry of the specimens for fatigue test. All of the dimensions are in mm.

2.2. Experimental Program

To investigate the effect of LSP treatment on the fatigue behavior of the specimens with a fastener
hole, five groups of the specimens were prepared. Each group contained 10 speciments, i.e., 8 specimens
for primary fatigue tests and 2 for possible substitute tests. All of the specimens were tested under the
same loading conditions to analyze the results using Weibull distribution.

The first group of the specimens represents the unpeened base material (BM) with a hole.
The specimens of the second, third, and fourth groups were intended to assess the effect of LSP on
initial fatigue cracks of different lengths. In these specimens, initial cracks were created before applying
LSP but with different initial crack lengths. The initial crack length in the specimens of the second
group was 1.0 £ 0.1 mm, while that in the third group was 1.8 + 0.1 mm, and in the fourth group, it was
2.5 + 0.1 mm. The minimum initial crack length was chosen due to the limitations of the used method
to create the cracks. The maximum initial crack length of 2.5 + 0.1 mm was chosen since larger cracks
have high growth rates that are difficult to monitor precisely. The crack length was determined as the
maximum crack length on the surface of the specimen on one side from the rivet hole. After creating
the cracks, the specimens were treated by LSP to subsequently perform the fatigue tests.

The specimens of the fifth group were manufactured without a central hole. They are intended to
study the effect of LSP on the specimens with a fastener hole in as-manufactured condition without an
initial fatigue crack. According to the study of Ivetic et al. [9], it is advantageous when LSP is applied
before drilling a hole. Therefore, firstly the specimens were treated by LSP, and subsequently holes
were introduced in the specimens. The specifications of the used specimens are given in Table 1 and
illustrated in Figure 2. Figure 3 presents the block scheme of the experimental program.



Metals 2020, 10, 495

Table 1. Specifications of the specimens used in the fatigue test.

40f13

Group Number Feature
1 (BM) no initial crack in the fastener hole
2 initial crack of 1.0 + 0.1 mm in the fastener hole and subsequent LSP treatment
3 initial crack of 1.8 + 0.1 mm in the fastener hole and subsequent LSP treatment
4 initial crack of 2.5 + 0.1 mm in the fastener hole and subsequent LSP treatment
5 LSP treatment and subsequently drilled rivet hole without an initial crack

(a)

First group

~_

(b)

Second, third and
fourth groups
] LSP-treated
o area
~crack

\_

-

— -

(c)

Fifth group

Figure 2. (a) Illustration of the base material specimens, including a fastener hole; (b) Illustration of the

specimens from the 2nd, 3rd, and 4th groups, including a fastener hole and an initial crack, which are

subsequently treated by LSP; (c) Illustration of the specimens from the 5th group, where the specimens

are first treated by LSP before a fastener hole is introduced.
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2.3. Fatigue Testing of Specimens and Preparation of Specimens with Initial Fatigue Cracks
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Figure 3. Block scheme of used experimental program.
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For performing the axial fatigue tests, the Testronic 100-kN RUMUL resonant testing machine
(Russenberger Priifmaschinen AG, Neuhausen am Rheinfall, Switzerland) was used. The operating
frequency of the testing machine typically ranges from 40 to 260 Hz. The frequency in case of the
specimens investigated in this study was 85-90 Hz. Each specimen was tested at the same load level
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at room temperature: The maximum calculated stress level in the specimen cross-section without a
fastener hole was 110 MPa at an applied stress ratio of 0.1.

To create the initial fatigue cracks in the specimens of groups 2, 3, and 4, the specimens were
subjected to a pre-fatigue test. The used resonant testing machine allows to monitor resonant frequency
during the fatigue test. The resonant frequency versus number of loading cycles record was used
to identify the number of cycles required for crack initiation and crack propagation. Lorenzino and
Navarro [20] reported that an initial growth of the resonant frequency can be attributed to the effect
of cyclic hardening in the material, while a drop in the frequency is associated with a crack growth.
Similar observations were also reported in [14]. To monitor the fatigue crack growth, a visual inspection
was carried out using an optical microscope on both specimen surfaces. On the front and back surfaces
of each specimen, reference marks were preliminarily applied to indicate the targeted length of the
initial fatigue crack. As soon as the fatigue crack reached the reference mark, the fatigue test was
stopped. By this method, specimens with initial fatigue cracks of 1.0 + 0.1 mm, 1.8 + 0.1 mm, and
2.5 + 0.1 mm length were created. Figure 4 presents one specimen with a created initial fatigue crack of
2.5 + 0.1 mm length.

initial crack of
2.5+ 0.1 mm

crack tip

reference mark

Figure 4. Specimen with a fastener hole where the initial crack length in the hole is 2.5 + 0.1 mm.

2.4. Laser Shock Peening and Residual Stress Analysis

The main goal of applying LSP is to introduce deep compressive residual stresses into the material
up to several millimeter depth [21]. Appropriate LSP parameters were identified according to the study
by Chupakhin et al. [12], in which the same material and specimen thickness were used. In the current
study, the Q-switched Nd:YAG laser operating at 10 Hz was used. The wavelength was 1064 nm and
the pulse duration was 20 ns (full width at half maximum, FWHM). A diffractive optical element was
used to deliver 5] to a square spot of 2.5 mm X 2.5 mm on the specimen surface. The overlap rate of
the adjacent spots in the vertical direction was 50%; in horizontal direction, the overlap was not used.
The treated area was 25 mm X 25 mm. The size of the LSP-treated area was chosen to cover completely
the initial fatigue cracks and additionally based on the paper of Achintha et al. [10]. The authors
showed that applying LSP across the entire width of a specimen is unreasonable in terms of fatigue life
prolongation, because in that case, tensile residual stresses occur in the mid-plane of the specimen,
and the hole would be affected by these stresses. On the other hand, if LSP is applied only around the
hole, the residual tensile stresses occur near the edge of the specimen, and it becomes possible to place
the entire hole into residual compression. The specimens were covered for LSP by a stainless steel
foil with the thickness of 0.1 mm. The material surface was covered by a laminar water layer with a
thickness between 2 and 3 mm. The specimens were LSP-treated on both sides. A photograph of the
specimen after the LSP treatment is presented in Figure 5.
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specimen

steel foil

fastener hole

LSP-treated area

Figure 5. A representative specimen with a fastener hole after LSP treatment.

The hole drilling system “PRISM” of Stresstech company, equipped with electronic speckle pattern
interferometry (ESPI), was used to obtain depth-resolved residual stress profiles. Details regarding the
hole drilling method can be found in ASTM Standard E837-08 [22].

Specimens without a fastener hole were used for residual stress analysis. These were identical in
size with the specimens used in fatigue tests. The specimens were peened from both sides. Figure 6
shows a sketch of the specimen for residual stress analysis. Depth-resolved residual stress profiles
were obtained from three points from both specimen sides up to a depth of 1.0 mm near the center of
the specimen, i.e., within the LSP-treated area. The holes were incrementally drilled with a diameter of
2.0 mm.

LSP-treated area

>

O - -0 =y

25

.25 |
Figure 6. Sketch of the specimen for residual stress analysis. All of the dimensions are in mm.

The results of the residual stress analysis are presented in Figure 7. Deep compressive residual
stresses were introduced through the entire specimen thickness. The non-equibiaxiality in the residual
stress profiles could be due to the sequence of LSP, material texture, and geometry of the analyzed
specimen [23]. Near the surface, the absolute value of compressive residual stresses reaches 220 MPa,
which corresponds to approximately 67% of the yield strength of AA2024-T3, i.e., 326 MPa [18].
Chupakhin et al. [24] studied the influence of elasto-viscoplastic material behavior on residual stress
analysis using the hole drilling method. The error in the analysis due to plasticity is related to the ratio
of maximum residual stresses to yield strength. It was shown that if residual stresses do not exceed 80%
of the material yield strength, the error is negligible, and the correction is not necessary. Consequently,
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it is assumed that appropriate quantitative results of residual stress analysis are obtained in this study.
It should be noted that the influence of the fastener hole on residual stresses is assumed to be negligible,
since only small values of residual stresses are introduced via hole drilling [25].

100
15t side of LSP-treatment 2nd gide of LSP-treatment
50 A
[a+] 0 N +Gm{
S
g\ -50 N
o
% -100 - r
=
3 -150 -
‘7
D]
& 200 -
-250 4
-300 1 ] 1 1 1 ] 1
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Depth, mm

Figure 7. Depth resolved residual stress profile in LSP-treated specimen, as shown in Figure 6.
2.5. Weibull Distribution

For analyzing the fatigue test results, the two-parameter Weibull distribution is used, which is
described by:

F(N)=1- exp(—?)ﬁ, ¢y

where F(N) is the probability of failure, N is the number of cycles, T is the scale parameter, and 3
is the shape parameter. The shape parameter {3 reflects the scatter in the distribution. The value of
the scale parameter T represents the cycles during which, on average, 63.2% of the observed objects
are destroyed.

3. Results and Discussion

3.1. Fatigue Tests

The fatigue test results of all specimens analyzed using the Weibull distribution are shown in
Figure 8. The parameters of the Weibull distribution were obtained using the least square method
for each group of the specimens, which are summarized in Table 2. It can be concluded that LSP
significantly increases the fatigue life of the specimens with a fastener hole. The scale parameter T is
considered as characteristic life. A comparison of the first group (BM) with the fifth group (LSP + hole)
shows that use of LSP increases the fatigue life by a factor of 3.1. Comparing the results to specimens
with initial fatigue cracks (specimens in groups 2, 3, and 4), it was observed that LSP can be applied for
the repair of initial fatigue cracks. The fatigue life of the LSP-treated specimens with the longest initial
crack of 2.5 + 0.1 mm is higher than the fatigue life of the base material specimens, i.e., by a factor of
1.5. It is comprehensible that with increasing initial crack length, the scale parameter T decreases as
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the life extension decreases. This suggests that the scatter of values in the distribution increases and
the process becomes less predictable. It is interesting to note that the LSP-treated specimens with a
1.0-mm-long crack exhibit approximately the same fatigue properties as the specimens without an
initial crack. However, one should recognize that the tested specimens had slightly different peening
strategies; namely, the specimens from the fifth group (LSP + hole) were peened first and then drilled.
In contrast, for the second group, the LSP processing was performed after drilling and pre-cracking.

99
O hole /
90 4 & hole +crack 2.5 mm + LSP 0 0
O hole + crack 1.8 mm + LSP
2 G LSP + hole
o
s hole + crack 1.0 mm + LSP
|-
= 50
(0
Y
Y
®)
>
=
o 0
©
o)
@)
—
o
10 H
Omax — 110 MPa O
R=01
5 4
10° 10°
Cycles
Figure 8. Weibull plot for all groups of tested specimens.
Table 2. Parameters of Weibull distribution for each group.
Group Number Shape Parameter, 3 Scale Parameter, T Life Extension
1 (base material specimens) 7.15 4.62 x 10° -
2 (crack 1.0 mm + LSP) 7.77 1.51 x 10° 33
3 (crack 1.8 mm + LSP) 5.74 8.08 x 10° 1.7
4 (crack 2.5 mm + LSP) 478 6.68 x 10° 1.5
5 (LSP) 6.42 1.45 x 10° 3.1

Since the obtained results show only the effect of LSP in the medium cycle fatigue regime, the
question arises as to whether it is appropriate to transfer the results in the regime of high cycle
fatigue. Benedetti et al. [26] established that the benefit of compressive residual stresses introduced by
conventional shot peening (SP) can be lost, at least partially, moving toward the very high cycle fatigue
regime. On the other hand, compressive residual stresses introduced by LSP are deeper and higher
than by SP [27]. Furthermore, SP causes significant changes in microstructure [28]; however, LSP, in
turn, does not lead to such changes [29]. In this regard, the detrimental effect seen for SP when moving
from the medium to high cycle fatigue regime is not expected for LSP. Therefore, the positive effect
of LSP, which was shown is this study, is assumed to remain the same in high cycle fatigue regime.
The positive effect of LSP on the retardation of fatigue cracks in the high cycle fatigue regime was also
demonstrated in a previous study of Kashaev et al. [14].
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3.2. Effect of LSP on Crack Initiation and Crack Growth

As mentioned before, analyzing the behavior of the resonant frequency during the fatigue test
allows the determination of a fatigue crack nucleation phase. Using this approach, it is possible to
divide the fatigue life into two periods: fatigue crack initiation and fatigue crack growth. This approach
was applied for the specimens of the first and fifth groups to analyze the effect of LSP on the two
different periods of the fatigue life. Figure 9 presents the frequency graph for one exemplary specimen
of the first and fifth group. An increase in the resonant frequency corresponds to crack initiation,
while a decrease in the frequency corresponds to crack growth. In the specimen without LSP, the crack
nucleated approximately at 3.33 x 10° cycles, and the entire fatigue life was 4.76 X 10° cycles; therefore,
the crack growth period of the specimen without LSP was 1.43 x 10° cycles. In case of specimen with
LSP, the crack nucleated approximately at 3.75 x 10° cycles, and the entire fatigue life was 1.25 x 10°
cycles; therefore, the crack growth period of the specimen with LSP was 8.71 x 10° cycles. The crack
initiation period was enhanced by a factor of 1.1 using LSP, but the crack growth period was increased
by a factor of 6.1. These results clearly illustrate that the improvement of the fatigue life is achieved
mainly by increasing the crack growth period.

a .
(a) 86.6 4 lnltliitlon cracklgrowth
—_ . \
T 86.5
5
g
@] 2 86.4
o
& H
863"
T 86.2 T T T T ! T T T T T T T T
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 1.2x10°
Cycles
(b) —
88.4 4 initiation crack growth
1 ]
. . Y \
T 882 r’"
=
5 |
HE A 2 88041
:::b;:: ’_‘.—1 o
D *
=
87.8 -
— 87.6 T . . ‘ ' ‘
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 1.2x10°
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Figure 9. (a) Frequency graph of a base material specimen with a fastener hole. (b) Frequency graph of
a specimen treated first by LSP, and subsequently, a fastener hole is introduced.

Using the approach described above, the cycles required for crack initiation and crack growth for
all of the specimens from the first and the fifth groups were calculated. The results are presented as
a Weibull plot with two distributions for each group. The total number of cycles before failure was
divided into the number of cycles to crack nucleation and the number of cycles from crack nucleation
until final failure of the specimen (crack growth). The results are shown in Figure 10. The Weibull
parameters for these cases are summarized in Table 3. The positive effect of LSP on the fatigue crack
growth behavior is clearly visible and is significantly larger compared to the fatigue crack initiation.
Enhancement of the crack initiation period is approximately 1.4, where the crack growth period is
increased by a factor of 6.5. Overall, it is concluded that the positive effect of LSP on the prolongation
of the fatigue crack growth period is significantly higher (approximately by a factor of 4.6) than its
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effect on the crack initiation period. In other words, the main mechanism of fatigue life increasing
through laser shock peening is an enhancement of the fatigue crack growth period.

99.9

gg_csnmeDMPa
=X R=0.1
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=
E
=
.2 50
. . E
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w
1

@® Crack initiation (Hole) Crack initiation (LSP + hole)
4 | | Grack growth (Hole) O Crack growth (LSP + hole)
10° 10°
Cycles

Figure 10. Effect of LSP on the crack initiation and crack growth periods of the fatigue life. The blue
line corresponds to the number of cycles for the crack nucleation in the specimens without LSP, the
red line corresponds to the number of cycles for the crack growth (from nucleation until failure) in the
specimens without LSP, the green line corresponds to the number of cycles for the crack nucleation in
the specimens with LSP, and the black line corresponds to the number of cycles for the crack growth in
the specimens with LSP. The blue arrow represents the positive effect of LSP on the fatigue behavior of
the specimens regarding the fatigue crack initiation, and the red arrow represents the positive effect of
LSP on the fatigue behavior of the specimens regarding the fatigue crack growth.

Table 3. Weibull parameters for the estimation of the effect of LSP on fatigue life periods.

Case Shape Parameter, 3 Scale Parameter, T Enhancement
crack initiation (hole) 4.90 3.06 x 10° -
crack initiation (LSP + hole) 5.73 4.16 x 10° 1.4
crack growth (hole) 7.44 1.61 x 10° -
crack growth (LSP + hole) 5.01 1.05 x 10° 6.5

After establishing that LSP mainly affects the fatigue crack growth period, the fatigue growth was
investigated further in two different scenarios. In the first case, the crack nucleated before applying
LSP, corresponding to the 2nd, 3rd, and 4th groups. For this analysis, only the second group (hole +
crack 1 mm + LSP) is analyzed. In the second case, the crack nucleated after applying LSP; this case
corresponds to the fifth group (LSP + hole). To allow a direct comparison, the crack growth kinematics
of 1.0-mm long cracks have been studied depending on the LSP treatment application: prior to the
crack initiation (LSP as prevention) or after the crack initiation (repair). To compare these scenarios, the
number of cycles until final failure was determined. A Weibull plot was used to display the results; see
Figure 11. The results show that the number of cycles required to grow from a 1.0 mm crack until final
failure in specimens treated by LSP after crack nucleation is significantly higher than in specimens
treated by LSP before fatigue crack nucleation. Therefore, it can be concluded that the crack nucleated
in the field of residual stresses grows faster than the crack nucleated without prior residual stresses.
This leads to the conclusion that the LSP technology has the biggest potential to be applied as a repair
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technique, i.e., by introducing residual stress fields in the localized area around a fatigue crack detected
during maintenance. This can increase the inspection intervals significantly, thus reducing the risk of
failure and maintenance costs.

99.9
994 O LSP + hole (growth after 1 mm)

O hole + crack 1 mm + LSP

90

X

o}

é 50 0

Ry

S ~,
LSP before g LSP after
crack = crack
nucleation § 10 nucleation
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d  5-

Weibull Parameters i -
Gpax = 110 MPa Shape parameter Scale parameter

R=01 LSP + hole (growth after 1 mm) 5.26 711486
1 ) hole + crack 1 mm + LSP 7.77 1508759
T T T S
5x10° 10° 1.5x10°  2x10°
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Figure 11. Effect of LSP sequence on the crack growth behavior after 1 mm crack length.

4. Conclusions

In this study, the effect of laser shock peening on the fatigue properties of AA2024-T3 alloy was
investigated. Fatigue tests were conducted on different groups of specimens: base material specimens
with a fastener hole, specimens with a fastener hole and an initial crack treated subsequently by LSP,
and specimens where LSP is applied first and then the fastener hole is introduced. Based on the
obtained results, the following conclusions are drawn:

1. The fatigue life of the specimens with a fastener hole introduced after LSP treatment is higher by
a factor of 3 than that of specimens with a hole, but without LSP.

2. LSP significantly extends the fatigue life of specimens with an initial fatigue crack, but the effect
of LSP depends on the crack length. The larger the crack length, the weaker the effect of the
subsequent LSP processing. The fatigue life of LSP-treated specimens with an initial crack of
2.5 + 0.1 mm exceeds the fatigue life of base material specimens by a factor of 1.5, specimens
with an initial crack of 1.8 + 0.1 mm by a factor of 1.7, and specimens with an initial crack of
1.0 £ 0.1 mm by a factor of 3.3.

3. Inaccordance with the above findings, LSP can be applied to the specimens without cracks in a
fastener hole, which is in good agreement with previous studies [8-11,17], and it can be applied
for healing the fatigue cracks up to a length of 2.5 + 0.1 mm detected in a fastener hole with the
diameter of 4.8 mm.

4. LSP has a different effect on the fatigue initiation and growth periods. The effect of LSP on the
crack growth period is significantly higher (approximately by a factor of 4.6) than on the crack
initiation period. The effect of LSP on the crack retardation as a function of the crack length has
been quantitatively studied.

5. Cracks nucleated in residual stress fields grow significantly faster than cracks nucleated before
introducing residual stresses. In this regard, LSP has good potential to be applied as a repair
technique.
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