
Chapter 2
LSP Numerical Simulation

Abstract This chapter gives a comprehensive review on numerical simulation
which could resolve engineering problems and physical problems even the nature
phenomena by numerical calculation and image displayed method. At present, the
main method of numerical simulation is the finite element (FE) method, the finite
difference method, and the finite volume method. Compared with traditional
experiment method, numerical simulation has been widely used in many fields,
such as mechanical process, large building fire temperature field, and hydrogeology.
Simulation methods are introduced in this chapter. For instance, the residual stress
induced by laser shock processing (LSP) and the thermal relaxation behaviors of
residual stress in Ni-based alloy GH4169 were investigated by means of three-
dimensional nonlinear FE analysis. Fracture analysis software and crack growth
model have found the application in FE analysis.

2.1 Introduction

At present, the main method of numerical simulation is the finite element (FE)
method, the finite difference method, and the finite volume method. The FE method
divides the continuous domain decomposition field into a finite number of units,
consisting of discrete model, and then finds its approximate numerical solution. The
finite difference method establishes a set of differential equations taken the place by
difference to cover the space and time with the grid for approximate numerical
solution. The finite volume method transforms differential equations into integral
form in a physical space and scatters it. After theoretical analysis and scientific
experiments, numerical simulation has become one of the main means of science
and technology development.

Numerical simulation is also called computational simulation which could
resolve engineering problems and physical problems, even the nature phenomena,
by numerical calculation and image displayed method. Compared with traditional
experiment method, numerical simulation has been widely used in many fields,
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such as mechanical process, large building fire temperature field, and hydrogeology.
The experimental results can be predicted by simulating the process of actual
reaction with appropriated numerical simulation software, greatly saving time and
manpower consumption. LSP is that the laser of high power and short pulse radiates
metal surface in order that the coat of it gasifies to the high-temperature and high-
pressure plasma. Compared with traditional surface strengthening, LSP possesses
the advantages of no mold, easily controlling, highly flexible processing, and good
surface properties after strengthening and no pollution. Therefore, it is impossible to
study LSP process only relying on experiment. Numerical simulation as a kind of
supplementary tool will accelerate the development and application of LSP in
mechanical engineering.

2.2 A Finite Element Analysis of Thermal Relaxation
of Residual Stress in Laser Shock Processing Ni-based
Alloy GH4169

Abstract The residual stress induced by LSP and the thermal relaxation behaviors
of residual stress in Ni-based alloy GH4169 were investigated by means of three-
dimensional nonlinear FE analysis. To study the effect of different given exposure
time and different temperatures on residual stress in LSP Ni-based alloy GH4169,
Johnson–Cook material model was used in order to account for the nonlinear
constitutive behavior. The influence of heating temperature and exposure time on
the stress thermal relaxation was studied. It was concluded that stress relaxation
mainly occurred during the initial period of exposure, and the degree of relaxation
increased as the temperature risen. The results would provide a theoretical basis for
controlling the LSP and guiding subsequent experiments.

2.2.1 Introduction

Ni-based alloy, such as GH4169, is widely used in high serving temperature fields
such as space navigation, nuclear energy, and petroleum industry due to excellent
fatigue resistance, radiation resistance, corrosion resistance, good machinability,
and welding performance. Various mechanical surface treatment technologies, such
as shot peening [1], low plastic polishing [2], and LSP [3, 4], have been used to
restrain the propensity of fatigue initiation or growth by inducing compressive stress
on the surface and fellow-surface regions to improve the fatigue performance of
metallic materials. Compared with other surface treatment technologies, LSP has
unique advantages that it could be performed contactless with component and
without heat-affected zone.
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The temperature and exposure time are the primary parameters for the thermal
relaxation of residual stress. Masmoudi et al. [5] have studied the thermal relaxation
of residual stress in shot peened Ni-based alloy IN100 as exposed to different
temperatures (500–750 °C). During the initial period of exposure, the surface
residual stress decreased rapidly. Cao et al. [6] also observed similar phenomena.
Khadhraoui et al. [7] performed an experiment to investigate thermal stress relax-
ation in IN718 with different exposure times at 600 and 650 °C. Prevey et al. [1]
studied the thermal stress relaxation of the compressive layer produced by LSP. Cai
et al. [8] studied the residual compressive stress field of IN718 induced by shot
peening and the relaxation behavior during aging, and the relaxation process was
described by the Zener–Wert–Avrami function [9, 10].

In most cases [11], the residual stress relaxation of surface treated alloys is
studied through experimental trials, which are expensive, time-consuming, and
unreliable resulting from the factors arising from setting up the LSP process and
residual stress measurements. Recently, the FE method has been used to study LSP-
induced residual stress in titanium alloys [9], and the simulation results are well
consistent with the experimental results. However, there is little FE analysis on
thermal relaxation of residual stress having been performed. The purpose of this
chapter is to study the residual stress distribution in GH4169 induced by LSP and
the stress relaxation behaviors under thermal loading condition.

2.2.2 LSP Simulation

2.2.2.1 Thermal Relaxation

High-pressure shock waves are induced after laser having an impact on the
absorption layer and constraint layer attached to the surface of components, which
propagates into the material and causes plastic deformation resulting to residual
stress field. In order to accurately simulate the LSP and the subsequent thermal
relaxation process, the material constitutive model must accord with the properties
of the material and the deformation of the FE model. During the LSP, material
experiences extremely high strain rate reaching the order of 106 s−1. In addition, the
flow stress would reduce at elevated temperature, and the temperature effect is
thought to be the primary reason causing the thermal relaxation of residual stress. A
lot of material models have been developed to explain the effect of strain hardening,
strain rate hardening, and thermal softening. These models include Johnson–Cook
(JC) [9, 10, 12], Khan–Huang–Liang (KHL) [9], Cowper–Symonds [13], Zerilli–
Armstrong (ZA) [14], and optimization of ZA. In this study, JC model is employed
for that it is widely used for impact applications and is available in material model
library in many commercial FEM codes, such as ANSYS/LSDYNA which is used
in this study. Coupled structural/thermal implicit analysis is performed for thermal
stress relaxation [9, 10]. JC model is given as
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r ¼ Aþ B epð Þn½ � 1þ C ln e�p=e0ð Þ½ � 1� T�m½ � ð2:1Þ

where r is the flow stress; ep is the effective plastic strain; e�p is the effective plastic
strain rate, and e0 is reference strain rate; A, B, C, n, and m are experimentally
determined constants. T� ¼ T � Trð Þ= Tm � Trð Þ, where T is the temperature in
Kelvin, and Tr and Tm are room temperature and melting temperature, respectively.

2.2.2.2 Experimental Materials and Parameters

For the purpose of saving the memory of computer and shortening the computation
time, only a quarter of models are created. The energy of laser is 8 J, the diameter of
spot is 3 mm, and the pulse width is 10 ns. The FE model with 8-noded solid
element is shown in Fig. 2.1, which has 178,596 nodes and 169,000 elements. As
Ni-based alloy GH4169 and IN718 super alloy are similar materials, the original JC
material model parameters for GH4169 (A = 900 MPa, B = 1200 MPa, C = 0.0092,
n = 0.6, m = 1.27, e0 ¼ 1s�1) are taken from Zhong et al. [10]. After optimization,
the JC material model with constants A = 860 MPa, B = 1100 MPa, C = 0.0082,
n = 0.5, m = 1.05, and e0 ¼ 1s�1 is used for this study.

The pressure waveform of laser shock wave is similar to the laser wave profile
tested by oscilloscope, according to Fabbro et al.’s findings [14, 16]. The studies
have shown that the response time of laser inducing shock wave is about 3 times of
the laser pulse width, or even longer. In this study, as the laser pulse width is 10 ns,
the response time is set as 70 ns. The temporal pressure pulse profile is shown in
Fig. 2.2b.

The residual stress from FE simulation is plotted in Fig. 2.3. Figure 2.3 shows
the distributions of the residual stress with laser energy 6, 8, 12 and 15 J,

Fig. 2.1 FE meshes of 10, 10, and 5 mm for LSP and thermal relaxation analysis. Reprint from
Ref. [15], Copyright 2014, with permission from Elsevier
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Fig. 2.2 a Amplitude curve
of shock pressure; b Temporal
pressure pulse profile. Reprint
from Ref. [15], Copyright
2014, with permission from
Elsevier

Fig. 2.3 Residual stress
induced by LSP with 6, 8, 12
and 15 J. a Surface residual
stress fields with single
impacts; b Residual stress
fields along with the depth
with single impacts. Reprint
from Ref. [15], Copyright
2014, with permission from
Elsevier
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respectively. It could be observed that the maximum compressive stress increases as
the laser energy rises. And the same trend is shown in the depth of compression
layer. A higher magnitude of stress is obtained for greater laser energy. The JC
model has good agreement with experimental results, indicating the well consis-
tency of the model [4].

2.2.3 Results and Discussion

2.2.3.1 Simulation of Thermal Relaxation of Residual Stress

The FE model for simulating the thermal relaxation of residual stress induced by LSP
is the same as the one used in the LSP analysis. The mechanical loading is removed,
and the thermal loading is applied at the top, bottom, and the both sides of the surface
to simulate the thermal relaxation process. This process is simulated through a
coupled thermal–structure analysis using ANSYS/LS-DYNA, with implicit algo-
rithm for both thermal and structure analysis. The purely thermal loading condition is
simulated by using a convection boundary condition q ¼ h T � T1ð Þ, where q is heat
flux across the boundary, h is heat transfer coefficient [100 W/(m2 °C)], T∞ is the
imposed heating temperature, and T is the initial temperature of specimen. The initial
temperature of the Ni-based alloy GH4169 specimen before applying thermal loading
is set as the room temperature. The heat capacity of GH4169 is 481.4 J/(kg °C),
and the thermal conductivity is 13.4 W/(m °C).

The residual stress induced by LSP with laser energy of 8 J and its relaxation as a
function of exposure time at 500, 600 and 700 °C are shown in Fig. 2.4. The result
reveals that only a little relaxation occurred at temperatures. It is expected that a
greater degree of thermal relaxation would take place when the temperature
becomes high enough to reduce the yield stress of GH4169. Another mechanism of
thermal relaxation arises when the residual stress reaches sufficiently high values as
to exceed the yield stress at the temperature of interest [10].

Figure 2.4a, b also shows that the maximal relaxation occurred at the zone of
maximum residual stress. Stress relaxation mainly occurs in the initial exposure
period, then the residual stress tends to stabilize at a longer exposure time, and
eventually the relaxation essentially stops. The results are consistent with those
studies [6, 17–19], which indicates a large portion of total relaxation of residual
stress occurring in the initial period of exposure (normally between 3 min and 1 h)
and following by a stabilization of stress. The effect of temperature on the thermal
relaxation behavior is also showing in Fig. 2.4. The amplitude of the thermal
relaxation increases with an increase in temperature. In addition, the effect of
temperature is more significant at longer exposure time. Similar phenomenon could
also be found in Zhong et al. [9, 10].
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2.2.3.2 Analytical Model for Thermal Relaxation in GH4169

The residual stress is simulated with different exposure times at a constant high
temperature and different high temperatures at a constant exposure time. The main
work of this study focuses on the effect of temperature and exposure time on
thermal stress relaxation.

A stress relaxation model by employing the Zener–Wert–Avrami function
[9, 10, 20–22] was proposed to provide an analytical description of the thermal
relaxation of residual stress,

rRS

rRS0
¼ exp � Atað Þm½ � ð2:2Þ

where, rRS0 is the initial value of residual stress prior to apply thermal loading; rRS

is the residual stress at a given time ta at temperature Ta; m is a numerical parameter
dependent on the dominant relaxation mechanism; and A is a function dependent on
the material and temperature according to,

A ¼ B exp � DH
KTa

� �
ð2:3Þ

Fig. 2.4 The effect of
temperature on the thermal
relaxation behavior;
a Thermal stress relaxation in
GH4169 at different
temperatures with a constant
exposure time; b Thermal
stress relaxation in GH4169 at
different exposure time with a
constant temperature. Reprint
from Ref. [15], Copyright
2014, with permission from
Elsevier
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where B is a constant, K is the Boltzmann constant, and DH is the activation
enthalpy for the relaxation process in the ta–Ta range under consideration.

From Eq. (2.2), a plot of log ln rRS0 =rRS
� �

versus log ta at a given aging tem-
perature Ta gives a straight line with slope m and intercept m logA shown in
Fig. 2.5. The m value resulting from data fit at different temperatures gives a mean
value of m = 0.68. The intercept value of these straight lines gives the value of A as
a function of Ta, so that it is possible to estimate the activation enthalpy (DH) of the
relaxation process for the LSP GH4169 referring to Eq. (2.3). The calculated value
of DH is 3.02 eV, which is quite close to the value of 2.88 eV reported by Zhong
et al. [10] for pure Ni using ion beam sputtering technique.

Dynamic recovery is the main relaxation mechanism during the stress relaxation
between 400 and 500 °C in LSP 6061-T651 aluminum alloy [22]. Essentially,
dynamic recovery is the result of the dislocation slip, the dislocation climb, and the
reducing of dislocation density [22]. We conjecture that it is the creep-like mech-
anism involving rearrangement and annihilation of dislocations by climbing that
causes the thermal relaxation. After the initial stress relaxation, subsequent stress
relaxation becomes considerably lower, as the stress has dropped below the creep
strength of the alloy at temperatures, and therefore, the driving force is reduced.
However, further metallographic structure studies are needed to verify this, which is
beyond the scope and purpose of this paper.

2.2.4 Summary

The residual stress in the Ni-based alloy GH4169 induced by LSP and the asso-
ciated thermal relaxation behaviors were analyzed based on a three-dimensional
nonlinear FE model.

Fig. 2.5 Influence of heating
temperature and exposure
time on the thermal stress
relaxation of GH4169.
Reprint from Ref. [15],
Copyright 2014, with
permission from Elsevier
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At higher temperatures, the maximum thermal relaxation occurs at the depth of
the maximum compressive residual stress. A significant decrease of the residual
stress is observed at the initial exposure period followed by a stabilization of the
stress relaxation at the next long exposure times.

The degree of thermal relaxation increases as the temperature rises, and the effect
of temperature is more significant at longer exposure times.

Further work should be carried out to study the material model and methodology
in overlap case using the single shot. Furthermore, to further study the effect of
plastic deformation, the thermal relaxation behavior of doubly shocked and triply
shocked specimens at a constant temperature will be simulated.

2.3 Comparison of the Simulation and Experimental
Fatigue Crack Behaviors in the Nanoseconds Laser
Shocked Aluminum Alloy

Abstract This chapter was performed to compare the simulation and experimental
results of the fatigue crack growth rates and behaviors of the 7050-T7451 aluminum
alloy by nanoseconds LSP. Forman–Newman–deKoning (FNK) model embedded
in the Franc2D/L software was utilized to predict fatigue crack growth rate, which
was conducted to weigh the stress intensity factor (SIF) changing on the surface
cracks. LSP induced high compressive residual stresses that served to enhance
fatigue properties by improving the resistance against fatigue crack initiation and
propagation. The circulating times of crack growth obtained from the simulation
and experimental values indicated a slower fatigue crack growth rate after LSP. The
relationships between the elastic–plastic material crack growth rates and the SIF
changing after LSP are resolved.

2.3.1 Introduction

Fracture mechanics typically offers a reliable foundation for the description of the
fatigue growth of cracks. It is well known that residual stress plays a crucial role in
fatigue crack growth behavior [23–26]. LSP is a competitive technology as a
method of imparting compressive residual stresses into the metal surface to improve
fatigue and corrosion properties [27, 28].

The research on stress shock wave on cracks has made great progress in aspects
of theoretical and numerical simulations. A numerical model for predicting the
depth of plastic deformation and resulting residual compressive stress at the surface
has been completed by ArifAbulFazal [29]. The plastic behavior near the tip of
stationary crack in engineering materials has been intensively studied by using
classical plasticity theory based on the von Mises yield criterion [30] and the
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associative flow rule [31]. Ray and Patanker [32] derived the crack closure models
on the crack opening stress by FE computations. Then, the theoretical analysis work
which confirmed the effect of the compressive residual stresses generated by LSP
on the SIF has been put forward [33, 34], showing the influence of compressive
stress on the 3D non-through hole-edge crack’s SIF after LSP.

However, the relationships between the fatigue crack growth rates and the
surface SIF changing after LSP have never been reported in literature to the authors’
best knowledge. With respect to the continuity information between this study and
the available literature, we aim to characterize the effects of residual stress on
fatigue crack propagation under variable laser shock amplitude loading. Moreover,
we will also discuss simulation results on the dynamic response of cracks under the
actions of various shock loads, and we use the crack growth function of Franc2D/L
to present the curve of the surface SIF changing under residual stress loads. Further
studies on the issue of optimal fracture with the action of stress pulses will be
summarized in our next study.

2.3.2 Simulation Methods

2.3.2.1 Fracture Analysis Software

Franc2D/L is the professional fracture analysis software based on FE analysis and
developed by Cornell Fracture Group. Franc2D/L initialized cracks and predeter-
mined the initiation spots of cracks. Then the software judged the cracks growing
direction so as to perform numerical simulation of crack growth and obtain results
automatically. Figure 2.6 shows the sample of the singularized element growing
along with the crack tip. The crack tip has been modeled with a rosette of eight
quarter-point collapsed elements. The propagation of the crack is divided into many
steps, and in every step, the crack is let to extend to a certain amount. The first
propagation step is set to 0.5 mm, while the following crack propagation steps are
1 mm each. After each step, Franc2D/L remeshes the region in front of the crack tip
and calculates the SIF and the kink angle. The crack propagation direction is
determined according to the maximum hoop stress criterion (MHSC) [35, 36], and
KI and KII are determined at every step.

2.3.2.2 Crack Growth Model

The FNK model was used to determine the crack growth rate, which could account
for retardation near threshold, acceleration near fast fracture, and the crack closure.
This method is given as [38],
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da
dN

¼ Cð1� f ÞnDKn 1� DKth
DK

� �p
1� Rð Þn 1� DK

1�Rð ÞKC

h i

where C, , n, and p are empirically derived by curve fitting test data [39, 40], R is
the stress ratio, f is the function of maximum applied stress and strain constraint
factor, DKth is the threshold value that is a function of R, KC is a function of fracture
toughness and specimen thickness, and DK is the range of the SIF.

The analysis results of the cracked configuration are used to compute the Mode
I-type SIF which are used in a closed-form expression, and this expression deter-
mines the direction from the maximum circumferential stress around the crack
tip. Propagation angle is also displayed to give the option of propagating the crack
by an incremental distance along crack line during crack propagation.

Fig. 2.6 Sample of the singularized element growing along with the crack tip of 7050-T7451
aluminum alloy by Franc2D/L. Reprint from Ref. [37], Copyright 2011, with permission from
Elsevier
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2.3.3 Experimental Methods

2.3.3.1 Sample Preparation

7050-T7451 aluminum alloy was made into single-edged notched tensile (SENT)
samples, as shown in Fig. 2.7. The alloy’s chemical composition and mechanical
properties are shown in Tables 2.1 and 2.2 separately.

Fig. 2.7 Dimensions of the 7050-T7451 SENT specimen and laser shock processing route.
Reprint from Ref. [37], Copyright 2011, with permission from Elsevier

Table 2.1 7050-T7451 chemical composition

Trademark Si Fe Cu Mn Mg Cr Zr Zn Ti Al

7050 ≤0.12 ≤0.15 2.0–2.6 ≤0.10 1.9–2.6 ≤0.04 0.08–0.15 5.7-6.7 ≤0.06 Rest

Table 2.2 7050-T7451 mechanical properties

Trade
mark

Supply
condition

Thickness
(Mm)

Sampling
direct

No less than

Tensile
stress
(MPa)

Non-proportional
extension strength
σ0.2 (MPa)

Elongation
after break
(%)

7050 T7451 60–76 L 503 434 9

LT 503 434 8

ST 469 407 3

>76–102 L 496 427 9

LT 496 427 6

ST 469 400 3

Notes L is portrait line section; LT is landscape orientation line section; ST is thickness
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2.3.3.2 Experimental Parameters

LSP was performed by high power Nd:glass laser implements to investigate the
effect of the processing parameters on the residual stress distribution. Laser beam
wavelength was 1.054 µm, pulse duration and power density were 20 ns and
2.91 GW/cm2, respectively, and laser beam spot size was maintained at 8 mm. LSP
experiment was conducted with a confined plasma configuration. A thin aluminum
foil adhesive tape was used as the energy absorbing layer, and a water-tamping
layer was used as the plasma confinement layer. The region with a hole was laser
shocked, and nearly pure mechanical effects were induced, as shown in Fig. 2.8.
The distributions of residual stress along the radial direction at the surface direction
and depth direction were determined by using the X-350A X-ray diffraction tech-
nique. MTS880 material testing system was adopted for fatigue experiment in
which tensile stress fatigue was adopted with load control. The stress ratio R was
0.1, alternating frequency was 20 Hz, rmax was 460 Mpa, and the loading wave was
sine wave.

2.3.4 Results and Discussions

2.3.4.1 Residual Stress Distributions

The laser-generated shock wave affects both the surface and side surface during its
propagation. Residual stress distributions as a function of surface distance and
depth are shown in Fig. 2.9. The contours of radial stress shown in Fig. 2.9a

laser beam

lens trapped plasma

aluminum foil

Shock wave

7050-T7451 aluminum alloy

Water

Fig. 2.8 Schematic of the
laser shock processing
principle. Reprint from Ref.
[37], Copyright 2011, with
permission from Elsevier
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indicate that it is compressive with a maximum of 227 MPa at 20 ns with a 2.91
GW/cm2 power density, and the residual radial stress distribution over the depth of
the substrate is given as Fig. 2.9b. It is observed that the residual stresses are
compressive. The maximum residual stress occurs at a depth of about 0.09 mm, and
it is evident from the residual displacement at 20 ns that the axial displacement is
confined to the beam impact region with a maximum of 1.0 mm. This pattern agrees
well with the results reported in the literature [41].

2.3.4.2 Microscopic Analysis of Macroscopic Fracture

The laser-induced shock waves have a very high intensity which could reach
several or even dozens of GPa, while their pulse widths are dozens of nanoseconds
generally. Therefore, solid substances will generate some ultra-high strain rates,
which are as much as 106–107 s−1 under the action of laser shock waves. Alloy
materials usually have some special mechanical and physical characteristics under
so high strain rates; their structures may generate dislocation, grains, and twins.
And surface roughness, deformation, residual stress, and hardness of the material
surface will be changed greatly [20, 21].

Fig. 2.9 Diagram of surface
residual stresses of the 7050-
T7451 aluminum alloy tensile
SENT specimen induced by
laser shock processing. a ryy
in-surface and b rxx in-depth.
Reprint from Ref. [37],
Copyright 2011, with
permission from Elsevier
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Typical macroscopic fracture morphology of the non-treated specimen (tested at
300 MPa) is shown in Fig. 2.10. Figure 2.10a shows the overall macroscopic
appearance of the fracture, where internal longitudinal crack is seen in the central
area of the specimen, and Fig. 2.10b shows the detail of the longitudinal crack.
Several of these longitudinal cracks were formed near the central area of the
specimen. As expected, the fatigue striation distance increased as the crack length
increasing. The fatigue cracks are initiated from these cracks and grew until failure.

However, fatigue striation spacing in the LSP specimen (tested at 300 MPa) was
narrower than those observed on the non-treated one, as shown in Fig. 2.11a, b. The
distance between fatigue striations was narrow, and the number of striations was very
large in the laser shock zones, which indicated that the crack expansion distance was
small, and it means that LSP had an inhibition effect on the material fatigue crack
initiation and expansions. The reduction in striation spacing indicated a slower

Fig. 2.10 Fractured surface of the non-LSP-treated 7050-T7451 aluminum alloy at an applied
stress of 300 MPa, R = 0.1. aMacroscopic fracture appearance of a non-LSP-treated specimen and
b detail of an internal crack across the center of the specimen. Reprint from Ref. [37], Copyright
2011, with permission from Elsevier

Fig. 2.11 Fractured surface of the LSP-treated 7050-T7451 aluminum alloy at an applied stress of
300 MPa, R = 0.1. aMacroscopic fracture appearance of a LSP-treated specimen and b detail of an
internal crack across the center of the specimen. Reprint from Ref. [37], Copyright 2011, with
permission from Elsevier
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fatigue crack growth rates, which could be attributed to the compressive residual
stress induced by LSP. As a result, the effective SIF that controls the fatigue crack
growth in the LSP specimen is lower than that of the non-LSP case. The scatter in the
spacing could be attributed primarily to the fact that striation formation is a highly
localized event. The striation spacing is also dependent on both the SIF and metal-
lurgical factors such as variations in the grain orientation [42].

2.3.4.3 Numerical Calculation of I-Type Cracks

Franc2D/L was applied in the stable-growth numerical calculation of I-type cracks
on 7050-T7451 aluminum alloy. The elastic modulus E was defined as 71 GPa,
Poisson ratio ν was 0.345, and experimental load value DF was defined as 20 kN.
After each step of crack growth, Franc2D/L calculated the SIF of each crack tip by
using J-integral method to decide the next growing step of each crack. The crack
length shows a monotonically increasing trend (Fig. 2.12). Nevertheless, a bifur-
cation will take place due to the nucleation of a vertical penny-shaped crack beneath
the contact area as soon as the load is sufficiently increased. Therefore, the exact
simulation of the propagation pattern requires a three-dimensional analysis, which
is beyond the capability of the code unfortunately. The crack propagates following
a sub-vertical pattern, and no bifurcations are observed. It is worth noting that the
length is the only characteristic length of this structural scheme. Therefore, it is
useful to plot the diagram of the non-dimensional SIF as a function of the crack
length so as to emphasize the scale-invariant aspects of the problem.

Fig. 2.12 The relationship of
the crack length and fatigue
cycles along with the surface
crack expanding curve with
Franc2D/L. Reprint from Ref.
[37], Copyright 2011, with
permission from Elsevier
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2.3.4.4 Improvement in Fatigue Life by LSP

The growth data of fatigue cracks were obtained based on the experimental data of
the cracked sample by MTS880 fatigue experiment machine. The fatigue lives of
specimens treated by LSP and un-treated specimens at the maximum applied stress
of 460 Mpa are shown in Fig. 2.13. In an earlier study [43] of LSP-treated 7050-
T7451 specimens, the expected large extension of fatigue life was not achieved.
While in this study, LSP resulted in an improvement of 29 and 47 % in the number
of fatigue cycles, after one and two laser shock layers (100 and 200 % coverage),
respectively. The mean value in fatigue life of the specimens treated by LSP was
higher than that of those untreated under the same maximum applied stress. This
improvement is explained by the greater depth of the residual compressive stress
fields induced by laser processing as comparing with non-treated sample. Further
examination of these preexisting internal cracks was carried out to find an expla-
nation for the fatigue lives of LSP specimens longer than expected. The number of
fatigue cycles was compared to the experimental results when the crack length
growing to 25 mm (1 in.). The computer-simulated fatigue circulating time was
38,509, while the fatigue experiment machine test value was 40,025. In the FNK
model, numerical results are fairly good regarding the fatigue limit while they are
conservative above it. This can be further demonstrated by plotting Kres, the
residual value of K calculated from the residual stress field, as a function of distance
from the leading edge. It is evident that Franc2D/L model provides good predic-
tions for the crack growth circulating times.

A path following the initial crack growth is defined to make clear the residual
stress field SIF. Figure 2.14 shows the Mode I-type SIF history for a single trace
along the crack surface. The SIF varies along the crack front; thus, the SIF history
and the predicted fatigue life would vary depending on the chosen path. Using the
FNK fatigue crack growth model and the material parameters from Table 2.2, the

Fig. 2.13 Comparison of the fatigue crack expanding cycles of the 7050-T7451 aluminum alloy at
the rate of R = 0.1 before and after LSP. Reprint from Ref. [37], Copyright 2011, with permission
from Elsevier
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number of predicted fatigue life starting from an initial surface crack is about 9200
cycles, as shown in Fig. 2.15. Due to the high levels of compressive residual
stresses at the surface of the specimen, and analogous to the effect of LSP on crack
growth, the cracks show considerable retardation upon reaching the treated region.

However, the curve of the crack length and the number of load cycle mea-
surements did not show any considerable retardation of the fatigue cracks. This is
believed to be due to the tensile core in the material that arises as a by-product of
LSP. This tensile region is essential for the internal balance of forces in the
unloaded component. Mahorter et al. [44] reported that the low cycle fatigue (LCF)

Fig. 2.14 Schematic of mode I-type SIF changing along the crack surface. Reprint from Ref. [37],
Copyright 2011, with permission from Elsevier

Fig. 2.15 Prediction of the
fatigue life along with the
crack length on 7050-
T7451samples with Franc2D/
L. Reprint from Ref. [37],
Copyright 2011, with
permission from Elsevier
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life of the disk ended when the crack in the bolt-hole reached 1/32 in. (0.79 mm),
this corresponded to the life which was expressed as a 1/1000 probability of failure.
The analyses presented here provide an estimate of remaining life once the LCF life
is reached. Additional simulations could be performed to estimate the LCF life as
well [36], but this is beyond the scope and purpose of this paper. It appears that the
deflection point in the curve is barely noticeable, and hence, a sensitive measuring
system requires to be detected.

2.3.5 Summary

The relationship of the 7050-T7451 aluminum alloy fatigue crack growth behaviors
and surface SIF changing has been developed after nanoseconds LSP.

1. Compressive residual stress generated by LSP in crack surface reduces the
tensile stress level in alternating load and decreases the effective driving force of
fatigue crack growth. The reduction in striation spacing indicates a slower
fatigue crack growth rates which would be attributed to the compressive residual
stress (about to 250 Mpa) induced by LSP.

2. The effective SIF that controls the fatigue crack growth in the LSP specimen is
lower than that of the non-LSP case. The more intense the residual stress pro-
duced by laser shock is, the smaller the effective SIF of crack surface becomes,
resulting in the lower crack growing speeds.

3. FE analyses were carried out to determine the effective SIF at the crack
tip. Reasonably, good agreements have been obtained from both the simulation
and experiment results. The number of cycles to failure predicted numerically is
lower than the experimental one. This difference is attributed mainly to an early
stage of shear-dominated propagation that cannot be accounted for in the
numerical model. All these illustrate the flexibility and interaction of Franc2D/L
in simulating the process of crack growth with the residual stresses and SIF
changing after LSP.
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