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ABSTRACT

In laser shock processing (LSP) of aero-engine blades, overlap marks due to spot over-
lapping cause irregular surface morphology that becomes a source of cracks under fatigue
behaviors. This reduces the beneficial effect of compressive residual stress induced by LSP
and undermines fatigue performance of blades. In this paper, laser shock imprinting (LSI) is
proposed to improve fatigue performance of aero-engine blades. In this process, a layer of
contact film with micro-grooves is placed between the absorption layer and the workpiece
(blade) of the LSP. By using the double action of laser shock wave and micro-grooves in
contact film, blade surface morphology is transformed towards the direction conducive to
improve its fatigue performance. Using ABAQUS software, Johnson-Cook model and Fabbro
model were considered to study the plastic rheological behavior of blade surface material
induced by LSI. Effect of process parameters namely, peak pressure, impact number and
spot overlapping ratio on residual stress and micro-plastic deformation of blade surface
were studied. Simulation results showed that under the action of laser shock wave, blade
surface material flowed into micro-grooves in contact film via extrusion plastic deforma-
tion. This resulted in micro-bulge morphology having geometrically specific arrangement
on blade surface, which achieved accurate control of micro-plastic deformation on blade
surface. Increase in peak pressure and impact number increase the surface micro-bulges
height. However, increase in peak pressure lowers the stress difference between bulging
edge and non-bulge zones. It was found that 33% spot overlapping impact resulted in more
uniform surface micro-bulge morphology on blade surface.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Blade is the key component of an aero-engine. Blades operate
in harsh working environments (i.e. high temperature, high

experience fatigue damage [1—4]. This seriously affects the
safety and reliability of aero-engines. Performance of aero-
engine depends on material and manufacturing technology
of blades [5]. TC4 titanium alloy (alloy composition Ti-6Al-4V)
is an a+p type dual-phase titanium alloy that is widely used in

pressure and high speed for long duration of time), and so
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aerospace applications due to its excellent mechanical prop-
erties at high temperatures [6—8].

Fatigue performance of blade is closely related to its sur-
face integrity [9,10] (i.e. micro-morphology, roughness, resid-
ual stress and micro-hardness, etc.), and so it is important to
strengthen surface of aero-engine blade to extend its service
life. Laser shock processing/peening (LSP) [11,12] is an
advanced surface-strengthening technology that uses short
pulse and high-power laser to induce high-pressure plasma
shock waves on surface of metallic materials to improve their
fatigue performance. From the mid-1990s to the beginning of
the 21st century, LSP technology has been successfully applied
to the production and maintenance of engine blades such as
those in F101, F110, F414 and F119 in United States, which has
substantially improved fatigue life of blades [13]. However, in
conventional LSP due to overlapping of laser spots, blade
surface becomes irregular in its morphology (depression and
flange interlacing) that becomes a source of cracks under fa-
tigue behaviors, and also reduces the beneficial effect of
compressive residual stress induced by laser shock [14,15].
Therefore, it is of great significance to effectively control
morphology of blade surface in laser shock in order to make it
develop in a direction conducive to the improvement of blade
fatigue performance for LSP of aero-engine blades.

In this paper, laser shock imprinting (LSI) technology is
proposed to effectively control blade surface morphology. In
contrast to conventional LSP, in LSI a high strength, high
hardness and high elasticity metal film (contact film) is placed
in between the absorption layer and the workpiece. One sur-
face of contact film has etched micro-grooves with specific
geometrical dimension and distribution. The micro-grooved
surface of contact film is placed on the workpiece. This
arrangement in LSI is schematically shown in Fig. 1. When a
high-power density pulsed laser beam is emitted, it gets
transmitted by the focusing lens and passes through the
constraint layer to reach the absorption layer that absorbs
laser energy and generates high-pressure plasma. The plasma
continues to heat up and explodes, inducing a super-pressure
shock wave that impinges on contact film. Pressure induced
by the laser shock promotes the mutual extrusion between
the contact film and the workpiece, thereby it forms micro-

Focusing Constraint layer
lens (deionized water)
) Absorption layer
High (black tape)
pressure
plasma

Contact film

N
Shock wave

Micro-groove Workpiece

Fig. 1 — Schematic diagram of laser shock imprinting (LSI).

bulges on the workpiece surface, which in shape are com-
plementary to the shape of micro-grooves in contact film.
Under the action of the laser shock wave, the rapid spring-
back of the high-strength contact film is the key to avoid
large depth depression on the workpiece surface, and at the
same time, due to the limitation of contact film, the outside of
the laser spot zone will not form a flange. As the thickness of
contact film is only a few hundred microns, the laser shock
wave can still bring about strengthening effects to the work-
piece. Importantly, the plastic rheological behavior of the
workpiece surface material occurring by the introduction of
contact film and its micro-grooves is noteworthy.

Numerical simulation is a high-efficiency and low-cost
way to study laser shock technology. In 1999, Braisted et al.
[16] first used ABAQUS finite element analysis software to
create 2D models to numerically simulate LSP of Ti-6Al-4V
alloy and 35CD4 steel. Results from both simulations and ex-
periments were compared to prove the feasibility of numerical
simulations. Ding et al. [17] created a 3D model using the same
software and analyzed the effect of shock wave pressure
magnitude and duration, laser spot diameter and impact
number on residual stress field in 35CD4 steel. Li et al. [18]
simulated residual stress and energy distribution when TC4
titanium alloy blades were subjected to laser shock at
different power densities. Simulation and experimental re-
sults were compared to verify the accuracy of finite element
model. Zhang et al. [19] simulated a two-sided laser shock on a
thin-walled titanium alloy and analyzed the propagation of
stress waves as well as their attenuation. Sun et al. [20]
simulated LSP of Ti-6Al-4V alloy to analyze the dynamic
response during LSP and the residual stress field after LSP. Li
etal. [21] adopted flat-top laser beam and Gaussian laser beam
to simulate LSP of TC4 titanium alloy as a way to study the
effect of spatial energy distribution on residual stresses.
Kumar et al. [22] designed an experiment-based LSP simula-
tion model to analyze the effects of different laser parameters
(spot diameter, spot overlapping ratio and power density, etc.)
on residual stress distribution and surface deformation in Ti-
6Al-4V alloy. Wang et al. [23] adopted a simulation strategy of
continuous explicit dynamic impact to analyze stress wave
propagation process during single laser shock and the effect of
different process parameters (e.g. power density, impact
number and spot overlapping ratio) on residual stress and
plastic strain of TC4 titanium alloy under multiple laser
shocks. The above reports indicate that numerical simulation
is valuable in understanding residual stress distribution, en-
ergy distribution, stress wave propagation and surface plastic
deformation, etc. during LSP. With the advancement in com-
puter simulation technology, simulation of LSP has become an
integral part of research on the performance of aero-engine
blades.

In view of the LSI technology to induce the blade surface
material to occur plastic rheological behavior is a short and
complex process, the conventional experimental instruments
cannot observe this phenomenon. However, the finite
element simulation can be clearly observed blade surface
material dynamic response process. Therefore, in this paper
ABAQUS simulation software is used to study the plastic
rheological behavior of LSI aero-engine blade surface material
while obtaining the characteristics of the residual stress
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distribution and micro-plastic deformation on blade surface,
so as to obtain the excellent parameters of the aero-engine
blade surface morphology control at a lower cost and pro-
vide a new method of the aero-engine blade surface
strengthening.

2. Numerical simulation
2.1. Finite element model

In the first step, the simulators of contact film and blade were
drawn by Solid Works 3D drawing software. Shape, dimension
and arrangement of micro-grooves in contact film are shown
in Fig. 2. The number of micro-grooves shown in the sche-
matic is not the actual number. The number of micro-grooves
depends on the dimension of contact film (thickness:
0.20 mm). The length of the micro-grooves is 8 mm (this length
dimension is not absolute and is determined by the size of the
laser shock zone), the width is 0.10 mm, and the depth is
0.02 mm; the spacing between adjacent micro-grooves is
0.40 mm.

In the next step, the simulators of contact film and blade
were imported into ABAQUS finite element software as parts
for splitting, cutting and dividing the suitable mesh. Mesh
division is an important part of finite element simulation as
the density of the mesh determines the accuracy and
computational efficiency of the final simulation results.
Denser the mesh division, more accurate will be the calcu-
lated results. However, the time required to solve will increase
accordingly, which leads to a decrease in computational effi-
ciency. For this simulation, mesh division was carried out by
combining sparsely and densely for contact film and blade
parts, considering avoidance of contact penetration due to
contact problems in the simulation, and keeping the mesh
dimension of contact film parts larger than that of blade parts.
This is elaborated below:

(I) The contact film part is to have micro-grooves, thus the
mesh type considered was C3D10 M (10-node modified

8 mm

A
A 4

0.40 mm

0.10 mm

Fig. 2 — Schematic diagram of shape, dimension and
arrangement of micro-grooves in contact film.

quadratic tetrahedron element). The mesh seed
dimension of the micro-grooves was taken with the
dimensions 0.05 mm along the length, 0.05 mm across
the width, and 0.02 mm into as the depth, while the rest
of the seed dimension of the part was controlled be-
tween 0.10 and 0.30 mm. The total number of elements
for the contact film parts used in single spot (single
impact and multiple impacts) was 240082; the total
number of elements for 33%, 50% and 67% overlapping
ratios in multi-spot overlapping impacts were 235129,
222931 and 234350, respectively.

The blade part is the key division object and the mesh
type considered was C3D8R (8-node linear brick reduced
integration element). The impact zone on blade part
requires refined mesh and the transition to the non-
impact zone in gradually thickened (mesh seed
dimension of the non-associated impact zone was
controlled between 0.10 and 2.50 mm). Surface meshing
of blade part is critical to obtain accurately the plastic
rheological behavior of blade surface. Depending on the
shape and dimension of micro-grooves in contact film
as well as their specific arrangement, the mesh divided
in the X-axis direction in the laser shock zone needs to
be finer than that in the Y-axis direction, so as to obtain
the exact surface morphology. Considering the depth
influence factor of laser shock wave, the mesh density
in the Z-axis direction of its impact zone was taken to be
between those of the X-axis and Y-axis. In summary,
the mesh seed dimension was controlled as 0.01 mm in
the X-axis direction, 0.25 mm in the Y-axis direction,
and 0.10 mm in the Z-axis direction, and the total
number of elements of blade part was 2445379.

(I

=

In the final step, the contact film part was assembled over
the blade part, such that the contact between the two parts
was conformal. The finite element model so constructed is
shown in Fig. 3. The length of blade body is 130 mm, its width
is 45 mm, and its thickness is between 0 and 2 mm (not shown
in the figure).

2.2. Material constitutive model

During the laser shock, the material undergoes dynamic
plastic deformation at ultra-high strain rates (~10” s™') in
response to laser-induced shock waves [24,25]. Johnson and
Cook [26] conducted a wide range of strain rate torsion ex-
periments, static tension experiments, dynamic Hopkinson
compression bar tension experiments and Hopkinson
compression bar experiments at high temperatures. They
proposed the Johnson-Cook (JC) constitutive model for ma-
terial flow stress. The model is the most widely used material
constitutive model based on simulating laser shock pro-
cesses. The model considers strain effect, strain rate effect
and temperature effect, etc., and thus can accurately repre-
sent dynamic yield stress and material hardening effect to
plastic deformation brought about by the effect. Moreover, in
many studies [18,19,21,22], it has been confirmed that the JC
model is suitable for laser shock, which is an ultra-high
strain rate impact process. The expression of JC model is
given below.
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Fig. 3 — Finite element model diagram.

o= (A+Be“)<1+C1n£> [1-(T)"] (1)

T =(t—to) / (tm — to) 2

where o is the equivalent stress, A is the initial yield stress, B is
the strain-hardening modulus, ¢ is the equivalent plastic
strain, n is the work-hardening index, C is the strain rate
strengthening coefficient, ¢ is the equivalent plastic strain
rate, éo is the reference plastic strain rate, m is the thermal
softening coefficient, T* is the dimensionless temperature, t is
the material temperature, to is the room temperature and ty, is
the melting point temperature.

Absorption and constraint layers carry away most of the
heat during laser shock. Hence, metal material is less affected
by temperature. Therefore, temperature effect can be
neglected during laser shock, and the JC model can be
simplified as below [27].

c:(A+Be")<1+C1n§> (3)

In this simulation work, 65Mn spring steel film was used as
the contact film between the absorption layer and the work-
piece (blade). 65Mn spring steel has high strength and high
hardness, which meets the selection conditions of contact
film material. Mechanical properties of materials (i.e. 65Mn
spring steel and TC4 titanium alloy) and JC model parameters
for the contact film and blade are given in Table 1 (p is the
density, E is the elastic modulus, and v is the Poisson's ratio).

2.3. Pressure loading model
Laser shock wave loading is a thermodynamic transformation

process, and the shock wave pressure is considered a special
spatiotemporal load that has Gaussian distribution. The

spatial distribution of the laser shock wave can be changed by
spatial shaping of the laser beam. In finite element simula-
tions, the laser shock wave is usually simplified to a pressure
load that varies with time acting on the surface of a target.
When the constraint layer is deionized water film, the shock
wave pressure pulse duration is typically 2 to 3 times the
width of the laser pulse [30]. The laser pulse width used in this
simulation work was 15 ns. Since the shock wave pressure
loading occurs in a very short duration of time, according to
Braisted et al. [16], the Gaussian curve can be replaced by a
triangular slope curve. The triangular slope curve adopted in
this simulation work is shown in Fig. 4. The shock wave
pressure reaches its amplitude at 1 pulse width (15 ns) and
completes loading at 3 pulse widths (45 ns). In order to make
the blade surface (curved structure) acquire uniform residual
stress distribution, the spatial distribution of the laser shock
wave pressure was treated as a uniform load in the spot
impact field.

When the peak pressure of the laser shock wave exceeds
the Hugoniot elastic limit (HEL) of a material, the material will
undergo permanent plastic deformation, resulting in a bene-
ficial compressive residual stress [16]. The peak pressure of
the laser shock wave can be estimated by the physical model
proposed by Fabbro et al. [31,32]. The model estimates the
peak pressure P of the shock wave in terms of the parameters
of laser device output, which are related as below.

7 [2% 22122 4E
P=001 V2a+3 V Zy+Z, V wd?r )

where o is the coefficient of internal energy conversion of heat
(usually take 0.1 to 0.2), Z; and Z, are the shock wave imped-
ance of the target material, respectively and the constraint
layer (Zrca is 2.75 x 10° g/cm? - s for TC4 titanium alloy and
Zowater is 1.65 x 10° g/cm? - s when deionized water is taken as
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Table 1 — Mechanical properties of materials and JC model parameters [28,29].

Material p (kg/m3) E (GPa) v A (MPa) B (MPa) n C & (7Y
65Mn 7810 200 0.288 980 2000 0.83 0.0026 1
TC4 4510 110 0.34 1098 1092 0.93 0.014 1

the constraint layer [33]), E is the laser pulse energy, d is the
spot diameter (in this simulation work, d is 3 mm), and t is the
laser pulse width.

In this simulation work, the loading zone of the laser shock
wave pressure is a circular spot zone (single spot impact) with
a diameter of 3 mm (which has been determined on the upper
surface of contact film part), as shown in Fig. 3 (LSI zone in
Fig.). The same applies for multi-spot overlapping mode im-
pacts (consisting of several spots overlapping each other),
where the zone to be impacted, is divided in advance on the
upper surface of contact film part. The implementation of the
overlapping impact path is accomplished through the Step
module and the Load module in ABAQUS, where the same
loads are applied at different analysis steps, but the loads are
applied in different zones, within the zone of each individual
circular spot, and the loads are applied one after another in
accordance with the overlapping paths of the spots.

2.4.  Analytical solution strategy

ABAQUS is a feature-rich engineering finite element software
capable of solving complex nonlinear problems. Dynamic
loading by laser shock is a typical nonlinear dynamics prob-
lem. The numerical simulation process of LSP can be divided
into two parts: dynamic response and static spring-back. The
ABAQUS/Explicit analysis module is typically used to simulate
short, transient dynamic events and is particularly well suited
for simulating high-speed impact problems. Therefore, the
ABAQUS/Explicit module was adopted to simulate the dy-
namic response process of the workpiece under the action of
shock waves. In order to obtain a stable residual stress field,
the dynamic stress and plastic deformation results obtained
from the solution of the ABAQUS/Explicit module were set as

0f-------

Amplitude

0.0
Time (ns)

Fig. 4 — Amplitude curve of laser shock wave pressure
loading with time.

the initial state and were imported into the ABAQUS/Standard
analysis module, and then followed by spring-back analysis.

In this simulation work (taking single spot single impact as
an example), in addition to the initial analysis step, there
were 4 analysis steps. The dynamic response process was
completed by 3 dynamic, explicit analysis steps (the purpose
is to accurately capture the evolutionary trends at each stage
of the dynamic response process) and the static spring-back
process by 1 static, general analysis step. The solution time
of Step-1 was set to 50 ns, which was slightly larger than the
loading time of shock wave pressure (this was the process of
laser shock wave pressure loading); the solution time of Step-2
was set to 4950 ns (this was the process of micro-features
formation - fluctuation - equilibrium); the solution time of
Step-3 was set to 15000 ns (this was the process of dynamic
stress and micro-features changing gradually towards stabi-
lization). To obtain a more stable stress-strain field, the solu-
tion time for the static, generic analysis step Step-4 was set to
1s, then the geometric nonlinearity switch was turned on (set
Nlgeom to ON).

In the simulation of LSI, the extrusion behavior of contact
film and blade under the action of laser shock waves (i.e. the
behavior of blade in terms of surface micro-plastic deforma-
tion due to bilateral internal material extrusion and lateral
extrusion of micro-grooves in contact film) was achieved
using interaction module by creating interactions and
applying contact properties on contact surface where the
extrusion of the two occurred.

The blade is a typical thin-walled structure. In order to
avoid the propagation of shock waves to expand the degree of
its macroscopic deformation, the full constraint of blade basin
was adopted to control occurrence of large deformation. This
reduced its influence on the observation of specific surface
micro-features. During the simulation process for multiple or
overlapping impacts, in order to avoid the failure of subse-
quent impacts caused by the excessive springing of the highly
elastic contact film, the contact film needs to be replaced after
each impact, i.e. before the next impact is considered.

2.5. Numerical model validation

In this simulation work, the convergence of the single point
LSI model after meshing is studied, where model A is the
model described in the previous section, and both model B
and model C are comparative models after mesh subdividing.
The total number of elements of models A, B and C are
2685461, 4384849 and 9599418, respectively. The comparison
results of stress (S11,,.x) and strain (LE11,,.x) for the models
are shown in Fig. 5. The errors of stress are 3.66%, 0.98% and
the errors of strain are 3.95%, 1.15% respectively. The errors of
stress and strain are within reasonable limits, so the calcula-
tion results of the numerical model in this simulation work
have convergence.
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Fig. 5 — Comparison results of numerical simulation.

Meanwhile, the dynamic response process of laser shock
(shown in Fig. 6) is an effective means to reflect the accuracy
of the model and results. During the LSI process, the laser
shock wave propagates to the blade surface after contact film
action, and its energy is transferred to the inside of blade
material for transformation. As shown in Fig. 6 (a), the total
energy of the model is always maintained near 0 mJ, indi-
cating that the model as a whole is in a state of energy balance
and the calculation results are more reliable; the kinetic en-
ergy of the model increases rapidly under the action of shock
wave, and it gradually decays after reaching the peak value. It
then enters a stable state after a short period of fluctuation.
The plastic dissipation energy increases rapidly within the
first 100 ns and then reaches the peak value, after which it
remains unchanged. The evolution of dynamic stress and
displacement at specific point on blade surface is shown in
Fig. 6 (b), the change in dynamic stress and displacement
occur within the first 8000 ns. The changes are especially
noticeable within the first 5000 ns, and subsequently there are
minor fluctuations.

Dynamic deformation behavior of blade surface micro-
feature is an important part of the dynamic response pro-
cess in LSI. The forming height of blade surface micro-feature
is defined as the vertical displacement between the apex point
and the nadir point of the micro-feature. As shown in Fig. 6 (c),
the forming interval of the micro-feature on blade surface
occurs within the first 1000 ns. Under the loading and buff-
ering mode of the laser shock wave, the forming height of the
micro-feature reaches the first peak value. In view of the
spring-back effect of the high-strength contact film, the
forming height of the micro-feature decreases and then in-
creases rapidly to reach the second peak value. With the
weakening of contact film spring-back effect, the forming
height of the micro-feature on blade surface fluctuates and
then gradually equilibrates, finally becoming stable after 5000
ns. The change in contact pressure and velocity at the apex
point and the nadir point of the micro-feature on blade sur-
face are shown in Fig. 6 (d), After the laser shock wave prop-
agates inside contact film for a period of time, the contact
pressure appears on the contact surface between the contact

film and the blade. When the contact pressure reaches the
condition for plastic deformation of metal surface, the form-
ing process of the micro-feature on blade surface begins, and
the velocity response occurs successively at the nadir point
(25 ns) and the apex point (45 ns) of the micro-feature. How-
ever, the spring-back of contact film will cause the contact
pressure between the contact film and the blade to disappear
briefly and then reappear and disappear again. When the apex
point and nadir point velocities of the micro-feature remain
consistent, it indicates that the micro-feature has formed,
which is consistent with the evolution of the micro-feature's
forming height in Fig. 6 (c).

The dynamic response results of the above LSI model show
that the dynamic analysis step of 20000 ns is sufficient. Thus,
adding a static analysis step by 1 s will make the final simu-
lation results more stable and reliable.

In summary, the modeling, parameter settings and calcu-
lated results in this simulation work are reliable.

3. Results and discussions

Ballard [34] pointed out that the impact was most effective
when the peak shock wave pressure was between 2.0 and 2.5
times Hugoniot elastic limit of material (oug). Hugoniot
elastic limit of TC4 titanium alloy is 2.8 GPa [35], and therefore
the optimum shock wave peak pressure range is 5.6—7 GPa. In
this simulation work, the peak pressure (P) of the laser shock
wave (in the case of non-variable) was considered to be 6 GPa,
the laser spot diameter (d) was 3 mm, and the laser pulse
width () was 15 ns.

Residual stresses induced by LSI on blade surface are
differentiated in different directions, due to the directional
arrangement of micro-grooves in contact film and the curved
structure of blade. As shown in Fig. 7 (a), (b) and (c) (these
figures show the results under the task coordinate system
CSYS-1, which is the task coordinate system established at the
center point of the corresponding spot on blade surface),
under the peak pressure of 6 GPa, the maximum compressive
residual stress in the X-axis direction is about —410 MPa, the
maximum compressive residual stress in the Y-axis direction
is about —270 MPa, and the maximum compressive residual
stress in the Z-axis direction is about —171 MPa. Their mag-
nitudes are in the order: S11.x > S221ax > S33max. From the
stress distribution in different directions, the distribution of
residual stress S11in the X-axis direction is closer to the result
that residual stress distribution of blade under laser shock is
influenced by arrangement of micro-grooves in contact film.
So, S11 (ox) was chosen as the stress data in the present
simulation work.

The residual stress and micro-plastic deformation of blade
surface have different characteristics under the paths of
different positions due to the unique shape and arrangement
of micro-grooves in contact film. The path selection under
single spotimpactis shown in Fig. 8. Path 1is parallel to X-axis
and extends outwards with the spot center as the origin,
which is the path on the direct contact zone between the blade
surface and the contact film, that is, the path on the non-bulge
zone of blade surface (in other words, where the ridges of
micro-grooves are in contact with the blade surface; dark
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Fig. 6 — Dynamic change of the LSI numerical model: (a) model energy change; (b) dynamic stress and displacement
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Fig. 7 — Cloud diagram of residual stress distribution on blade in different directions (unit: MPa): (a) residual stress S11 (cx)
cloud diagram; (b) residual stress S22 (oy) cloud diagram; (c) residual stress S33 (o) cloud diagram.


https://doi.org/10.1016/j.jmrt.2023.09.225
https://doi.org/10.1016/j.jmrt.2023.09.225

9426

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:9419-9436

U, U3 (CSYS-1)
+2.605e-04
+1.755e-04
+9.053e-05
+5.548e-06
-7.944e-05
-1.644e-04
-2.4%4e-04
-3.344e-04
-4.194e-04
-5.044e-04
-5.893¢-04 o
-6.743e-04 ‘-
-7.593e-04 X

Micro-groove correspondence zone

Direct contact zone
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green zones inside the spot in Fig. 8). Path 2 is parallel to Path 1
and is the path on the zone where the blade surface corre-
sponds to micro-grooves in contact film, that is, the path on
the bulge zone of blade surface (in other words, where the
micro-grooves between the ridges are over the blade surface;
red zones inside the spot in Fig. 8). Path 3 is parallel to Y-axis
(i.e. perpendicular to Path 1 and Path 2) and extends outwards
with the spot center as the origin, which is the path over the
interlacing arrangement of the zone where the blade surface
is in direct contact with the contact film and the zone where
the blade surface corresponds to the micro-groove in contact
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film, that is, the path on the zone where the non-bulges and
bulges on blade surface are interlaced.

Fig. 9 shows the cloud diagram of the effect of LSI on the
residual stress and micro-plastic deformation on the surface
of the TC4 titanium alloy blade. As shown in Fig. 9 (a), the spot
action zone on blade surface is affected by shock wave, and
the zone corresponding to the micro-grooves inside the spot
(i.e. red zones inside the spot in Fig. 8) is subjected to plastic
deformation by extrusion, thus generating compressive re-
sidual stresses, which are beneficial for the blade perfor-
mance. But the compressive residual stresses formed in these
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Fig. 9 — Cloud diagram of 6 GPa single spot after single laser shock: (a) residual stress distribution cloud diagram (unit: MPa);
(b) surface morphology change cloud diagram (unit: mm); (c) plastic strain distribution cloud diagram.
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zones are lower than those in the zone of direct contact be-
tween the contact film and the blade (i.e. dark green zones
inside the spot in Fig. 8). As shown in Fig. 9 (b), under the
reasonable guidance of micro-grooves in contact film, the
blade surface forms micro-bulges that complement the micro-
grooves morphology, while the non-bulges still show a
downward depression similar to that in conventional LSP. As
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shown in Fig. 9 (c), the micro-bulge zones on blade surface are
not directly affected by the contact pressure between the
contact film and the blade, rather they are formed by the
extrusion of the material on both sides, so their plastic strain
is relatively lower, basically for zero. The non-bulge zones
appear to have larger plastic strain because they are directly
affected by the planishing action of contact film.

(b)

}

2.000E+0
-3.740E+1
-7.680E+1
-1.162E+2
-1.556E+2
-1.950E+2
-2.344E+2
-2.738E+2
-3.132E+2
-3.526E+2

N -3.920E+2

Residual stress (MPa)
2 2 o B

3_;

B
-

—~
(=%
~

2.450E-1

1. 445E-1

4 400E-2

-5.650E-2
-1.570E-1
-2.575E-1
-3.580E-1
-4.585E-1
-5.590E-1
-6.595E-1
-7.600E-1

1
7

=]
T

)
o

ent of surface morphology (nm)
& =

&
S

Displacem:
S
{ =

)

0.006 0.000E+0

-1.055E-3
-2.110E-3
-3.165E-3
-4.220E-3
-5.275E-3
-0.330E-3
-7.385E-3
-8.440E-3
-9.495E-3
-1.055E-2

0.003

0.000

0,003

0.006

.0.009

0,012

Fig. 10 — Characteristic curves along different paths and 3D surface diagrams: (a) residual stress distribution curve; (b) 3D
surface diagram of residual stress distribution; (c) surface morphology change curve; (d) 3D surface diagram of surface
morphology change; (e) plastic strain distribution curve; (f) 3D surface diagram of plastic strain distribution.
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Fig. 10 shows the residual stress and micro-plastic defor-
mation curves for different paths and their overall 3D surface
diagrams. The results presented for Path 1 and Path 2 corre-
spond to the results for the non-bulge and bulge zones of
blade surface along Path 3. The residual stress distribution,
surface morphology change and plastic strain distribution
along Path 3 are closely related to the shape and arrangement
of micro-grooves in contact film.

The residual stress distribution is shown in Fig. 1 (a) and (b).
The blade surface by the shock wave generates a pit zone, and
the stresses in this zone are compressive. The bulge zones are
not directly planished by the contact film, and so the
compressive residual stresses are small. The bulge zones on
both edges of the spot are affected by the spot edges, and the
stresses appear to tense upwards, so their compressive
stresses are lower than that of the bulge zones in the spot
center. The stresses at multiple bulge zones within the pit
zone are between —70 and —30 MPa. Therefore, the stress
difference between the bulge zones at the edges and the bulge
zones at the center of the pit zone makes the stress distribu-
tion of multiple bulges appear downwards concave as a
whole. The non-bulge zones are directly planished by the
contact film, so the compressive stresses generated are higher
than those in the bulge zones. The main reason for the for-
mation of compressive residual stress is that the blade surface
is affected by micro-grooves in contact film, and plastic
deformation occurs due to the extrusion action. Therefore, the
compressive residual stresses generated in the bulge edge
zones are significantly higher than that in the bulge and non-
bulge zones of blade surface, and the maximum compressive
residual stress is about —392 MPa.

The surface morphology change is shown in Fig. 10 (c) and
(d). Due to spatial and temporal distribution of the laser shock
wave, the blade surface will form a pit zone corresponding to
the laser spot dimension. The action of contact film and its
micro-grooves makes the blade surface undergo plastic
deformation because of the bilateral internal material extru-
sion and extrusion at the side of micro-grooves. Blade mate-
rial that is in direct contact with the contact film deforms
plastically downwards, thus squeezing the material out in the
surrounding zones, causing upward plastic deformation of the
material in the zones corresponding to the micro-grooves and

200

forming micro-bulge morphology complementary to the
shape of the micro-grooves, which extends upwards from the
bottom of the pit. The height of the micro-bulge is the vertical
displacement from the bulge nadir point to the apex point,
which is about 0.94 um. The apex of the formed bulge is about
0.20 um above the non-impacted zone of blade surface. The
overall morphology of the multiple bulges is relatively uni-
form, while the deformation of the edge zones affected by
extrusion is slightly uneven, with a maximum plastic defor-
mation displacement of 0.76 um in the downward direction.

The plastic strain distribution is shown in Fig. 10 (e) and (f).
The plastic strain in the bulge zones of blade surface is zero, as
these zones are not directly subjected to the contact pressure
of contact film. Almost no plastic strain is generated, which is
consistent with the non-impacted zones of blade surface. The
overall plastic strain is stable and is approximately —0.0035 in
the non-bulge zones. However, in the zones where the blade
surface material undergoes extrusion, the plastic strains are
larger, and the maximum plastic strain is approximately
—0.0105.

Fig. 11 shows the relationship between residual stress
distribution and micro-plastic deformation on blade surface
along Path 3. The trends of residual stress distribution,
surface morphology change, and plastic strain distribution
are influenced by the arrangement of micro-grooves in
contact film, and their trends are highly consistent. Under
the action of the laser shock wave, affected by micro-
grooves in contact film, the blade undergoes plastic defor-
mation due to bilateral internal material extrusion and
lateral extrusion of micro-grooves in contact film, making
its surface have bulge and non-bulge zones. The plastic
deformation causes compressive residual stresses beneficial
to blade performance and creates a uniform stress differ-
ence between the bulge and non-bulge zones. The stress-
strain values are higher in the micro-bulge edge zones
that are subjected to significant extrusion. Different de-
formations and different contact conditions in different
zones lead to different stress distributions at different
plastic strain levels, but the residual stress distribution,
surface morphology change, and plastic strain distribution
are in a more uniform state from the overall view of the spot
zone.
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The process parameters of laser shock have a significant
influence on the impact effect. Simulations in this work focus
on the effects of peak pressure, impact number and spot
overlapping ratio on residual stresses and micro-plastic
deformation. For the micro-plastic deformation of single
spot impact, the main focus is on the surface morphology
change of the impact zone on blade surface.

3.1. Effect of peak pressure on surface residual stress
and micro-plastic deformation

The peak pressure of the shock wave is one of the important
factors affecting the effect of LSI. The peak pressures consid-
ered for the simulation were 4 GPa, 5 GPa, 6 GPa, 7 GP and
8 GPa.

Fig. 12 (a) shows the residual stress distribution curves at
different peak pressures (Path 3). As the peak pressure in-
creases, the compressive residual stress generated on blade
surface also increases. For the different peak pressures, the
maximum compressive residual stresses obtained were about
—76 MPa, —217 MPa, —392 MPa, —565 MPa and —746 MPa,
respectively. The stress difference between the bulge zones
and the non-bulge zones increases with the peak pressure.
The stress difference generated by the action of 4 GPa peak
pressure is not significant, indicating that the stress difference
can only occur under high-pressure loading. The stress dif-
ference between the bulging edge and the non-bulge zones
decreases with the increase in peak pressure, because the
peak pressure increases cause plastic deformation between
the bulging edge and the non-bulge zones to be close, reducing
the stress difference between them. However, the larger stress
difference between the bulge and non-bulge zones still makes
the residual stress distribution in the whole spot action zone
uneven with increasing peak pressure.

Fig. 12 (b) shows the surface morphology change curves at
different peak pressures (Path 3). As the peak pressure in-
creases, the height of the bulge and the depth of the non-bulge
on blade surface also increase. For the different peak pres-
sures, the maximum heights of micro-bulge apexes obtained
were 0.06 pym, 0.12 um, 0.23 pm, 0.39 ym and 0.53 um,
respectively; while the maximum depths of pit sinking were
0.14 ym, 0.40 pm, 0.71 pm, 1.09 pm and 1.56 pm, respectively.

With increasing depths, the height difference between them
became more significant. The apex height of the micro-bulge
and the sinking depth of the pit together determine the sur-
face roughness of blade, and the surface roughness at high-
peak pressure is greater and more likely to destroy the
surface integrity of blade.

Under the premise of obtaining higher compressive resid-
ual stress, the selection of peak pressure not only needs to pay
attention to the overall molding height of the micro-bulge but
also to consider the surface sinking caused by the high peak
pressure. For example, upon 4 GPa impact, the surface
morphology appears uniform, but the compressive residual
stress generated is too small. Upon 8 GPa impact, the residual
stress generated is very large, but the gap between its overall
bulge and depression is too large. Considering the relationship
between the height of the bulge within the pit and the depth of
sinking of the pit, combined with the magnitude of
compressive residual stress, the 6 GPa peak pressure is
appropriate in all aspects and is within the optimal shock
wave peak pressure range.

3.2.  Effect of impact number on surface residual stress
and micro-plastic deformation

Excessive peak pressure will cause ablation on blade surface,
and also the problems of excessive deformation and layer
cleavage will occur [33], which are detrimental to the surface
integrity of blade. However, a single impact usually does not
provide the desired effect, and so it usually requires multiple
impacts of small energy to obtain a greater compressive re-
sidual stress and the depth of its affecting layer. The impact
numbers considered for the simulation were 1, 2, 3, 4 and 5
impacts.

Fig. 13 (a) shows the residual stress distribution curves at
different impact numbers (Path 3). As the impact number in-
creases, the compressive residual stress generated on blade
surface also increases. For the different impact numbers, the
maximum compressive residual stresses obtained were about
—392 MPa, —544 MPa, —643 MPa, —704 MPa and —744 MPa,
respectively. The stress difference between the bulge zones
and the non-bulge zones increases with the impact number.
But the increase in compressive residual stress shows

~
o
—

400

——4GPa
~———T7GPa

—5GPa
8 GPa

200k 6 GPa

-200 F

-400

Residual stress (MPa)

Al
N D |~ "
BIATATR

| | 1/ |

-600 ¢

-800 ¢

05F

Displacement of surface morphology (pum)

—4GPa —5GPa 6 GPa
20F 7GPa 8 GPa
-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Distance from the center of the spot - Path 3 (mm)

Distance from the center of the spot - Path 3 (mm)

Fig. 12 — Characteristic curves at different peak pressures: (a) residual stress distribution curve; (b) surface morphology

change curve.


https://doi.org/10.1016/j.jmrt.2023.09.225
https://doi.org/10.1016/j.jmrt.2023.09.225

9430

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:9419-9436

400

ook 1 impact 2 impacts ——— 3 impacts
| —— 4 impacts 5 impacts
<
& of
S
@
% -200
]
7] { I
s |
- HARRE
g : !
& 600 I | ‘R1R1
-800 F
-3 -2 -1 0 1 2 3

Distance from the center of the spot - Path 3 (mm)

=y
~

—— p TN -
—— 2 impacts

5 impacts
-3 2 -1 0 1 2 3

1 impact
4 impacts

—— 3 impacts
20}

Displacement of surface morphology (pm)
)

Distance from the center of the spot - Path 3 (mm)

Fig. 13 — Characteristic curves at different impact numbers: (a) residual stress distribution curve; (b) surface morphology

change curve.

a multiply decreasing trend. 2 impacts compared to 1 impact,
the maximum compressive residual stress increases by —152
MPa, an increase of 38.78%. 3 impacts compared to 2 impacts,
an increase of 18.20%. Over 3 impacts, the compressive re-
sidual stress gradually saturates and the increase is not sig-
nificant, while the maximum compressive residual stress
increases by 9.49% for 4 impacts compared to 3 impacts, and
only by 5.68% for 5 impacts compared to 4 impacts. Multiple
laser shocks cause process hardening of blade surface,
increasing both strength and hardness at the same time,
resulting in a reduction in plastic deformation and conse-
quently reducing the magnitude of compressive residual
stress.

Fig. 13 (b) shows the surface morphology change curves at
different impact numbers (Path 3). As the impact number in-
creases, the height of the bulge and the depth of the non-bulge
on blade surface also increase. For the different impact
numbers, the maximum heights of micro-bulge apexes ob-
tained were 0.23 pm, 0.40 um, 0.56 um, 0.69 pm and 0.82 um,
respectively; while the maximum depths of pit sinking were
0.71 pm, 1.13 um, 1.43 um, 1.63 pm and 1.78 um, respectively.
From 1 impact to 2 impacts is the most significant for the
increased height of the bulge apex and the sinking in depth of
the pit. 3 impacts and above, the displacement change in the
non-bulge zones reaches saturation. High impact number
makes plastic deformation fluctuate significantly, so the bulge
heights and their edge depths become very uneven between
the different bulges, and the surface roughness substantially
increases. This would cause destructive damage, and would
adversely affect the overall integrity of blade surface. Com-
bined with the compressive residual stress distribution and
surface morphology change induced by multiple impacts, the
number of laser shocks selected was 3 impacts or less.

3.3. Effect of spot overlapping ratio on surface residual
stress and micro-plastic deformation

Irradiation area of laser beam is limited, and for a workpiece
that requires a large area of laser shock, it must rely on spot
overlapping for impact coverage of the workpiece. Too small
overlapping ratio does not completely cover the zone to be

impacted. Theoretically, the circular laser spot overlapping
ratio should be at least 29.29% to ensure full coverage of the
impact zone. The spot overlapping ratios considered for the
simulations were 33%, 50% and 67%, respectively. The spot
overlapping ratio is calculated as:

S 0,
n:(17ﬁ> x 100%

where n is the spot overlapping ratio, S is the distance be-
tween adjacent spots, and R is the laser spot radius. Table 2
shows the parameters used in Eq. (5) for different over-
lapping ratios. Fig. 14 shows a schematic diagram of spot
overlapping. Yellow arrow line shows the spot overlapping
path.

The overlapping of spots means that different impact
numbers will be generated in different zones. Therefore, to
study the spot overlapping effect on residual stresses and
micro-plastic deformation (at different spot overlapping ra-
tios), the selected paths within the impact zone will be
different. As shown in Fig. 15 (under 9 spots of overlapping),
for the convenience of distinguishing the paths of single spots,
the paths selected on blade surface under spot overlapping are
named as Path A, Path B and Path C*. Different from the path
selection of a single spot, the path parallel to the X-axis di-
rection no longer distinguishes the zones of direct contact
between the blade and the contact film or the zones where the
blade corresponds to the micro-grooves. Path A is parallel to
X-axis, and the path extends outwards with the spot over-
lapping center as the origin; Path B is parallel to Y-axis, and
the path extends outwards with the spot overlapping center
as the origin; Path C* is parallel to Path B, which is the path on
the spot multi-overlap zone. At 33% spot overlapping ratio,

()

Table 2 — Eq. (5) parameters at different spot overlapping
ratios.

n S (mm) R (mm)
33% 2.0 1.5
50% 1.5 1.5
67% 1.0 1.5
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Starting spot

Ending spot

Fig. 14 — Schematic diagram of spot overlapping (33%).

there is a zone of at most 2 impacts along Path A and Path B,
while Path C1 has a zone of 4 impacts. At 50% spot overlapping
ratio, the situation in the zone where Path A, Path B and Path
C2 appear with multiple impacts is consistent with that at 33%
spot overlapping ratio, but Path A and Path B are affected
because of their location at the boundary of the spot. At 67%
spot overlapping ratio, the zone with up to 9 impacts exists
along Path A and Path B, while Path C3 also has a zone with
high impact number.

Fig. 16 shows the cloud diagram of residual stress distri-
bution, surface morphology change and plastic strain distri-
bution at different spot overlapping ratios. It can be seen from
the residual stress cloud diagram Fig. 16 (a), (d) and (g) that for
the different overlapping ratios, the maximum compressive
residual stresses obtained were about —610 MPa, —768 MPa
and —892 MPa, respectively. The increase in compressive re-
sidual stress is positively correlated with the spot overlapping.
As the overlapping ratio increases, the stress difference

(a) /\/\

| Path A

~

¥

\
Path B
X

Path C1

Path B

between the overlapping and non-overlapping zones becomes
more significant, while the zone with multiple impacts on
blade has a greater compressive residual stress. The stress at
67% spot overlapping ratio fluctuates most significantly in the
surrounding zones. It can be seen from the surface
morphology cloud diagram Fig. 16 (b), (e) and (h) that for the
different overlapping ratios, the maximum heights of micro-
bulge apexes obtained were approximately 0.36 pm, 0.66 pm
and 0.84 um; while the maximum depths of pit sinking were
approximately 1.33 um, 1.97 um and 2.41 um, respectively. The
impact at 50% spot overlapping ratio has the greatest influ-
ence on the surface morphology change at the outer edge of
the spot overlapping. It can be seen from the plastic strain
cloud diagram Fig. 16 (c), (f) and (i) that for the different
overlapping ratios, the maximum plastic strains obtained
were 0.0155, 0.0199 and 0.0236, respectively. The plastic strain
in the impact zone of blade surface is minimal and almost
zero in all micro-bulge zones.

Fig. 17 (a) shows the residual stress distribution curves
(Path C*) at different spot overlapping ratios. As the spot
overlapping ratio increases, the compressive residual stress
generated on blade surface also increases. For the different
spot overlapping ratios, the maximum compressive residual
stresses obtained were about —539 MPa, —665 MPa and —826
MPa, respectively. The zone of maximum compressive resid-
ual stress generation is where the spots are most heavily
overlapped, which is subjected to the highest impact
numbers. From 33% to 50% and then to 67% of the spot over-
lapping ratios, the increases in the maximum compressive
residual stresses are 23.38% and 24.21%, respectively, with
only 0.83% increase. The reason is that at 67% of the spot
overlapping although exists higher overlapping zone, high
impact number will cause the compressive residual stress to
gradually reach a saturation state.

Fig. 17 (b) shows the surface morphology change curves
(Path C*) at different spot overlapping ratios. As the spot
overlapping ratio increases, the height of the bulge and the
depth of the non-bulge on blade surface also increase. For the

Path C2 Path B Path C3

Fig. 15 — Path selection at different spot overlapping ratios: (a) 33%; (b) 50%; (c) 67%.
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Fig. 16 — Cloud diagram at different spot overlapping ratios: (a), (d), (g) residual stress distribution cloud diagram (unit: MPa);
(b), (), (h) surface morphology change cloud diagram (unit: mm); (c), (f), (i) plastic strain distribution cloud diagram.
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Fig. 17 — Characteristic curves at different spot overlapping ratios: (a) residual stress distribution curve; (b) surface

morphology change curve; (c) plastic strain distribution curve.

different spot overlapping ratios, the maximum heights of
micro-bulge apexes obtained were 0.35 pm, 0.51 ym and
0.73 pm, respectively; while the maximum depths of pit
sinking were 1.11 um, 1.47 pm and 2.01 pm, respectively. At
33% spot overlapping ratio, the overall bulge height is more
uniform. At 50% spot overlapping ratio, the overall bulge
height presents a small part of unevenness. At 67% spot
overlapping ratio, the overall bulge height is particularly poor
uniformity, and the degree of plastic deformation in some
zones is very significant, affects adversely the morphology of
the entire overlapping zones of blade.

Fig. 17 (c) shows the plastic strain distribution curves (Path
C*) at different spot overlapping ratios. As the spot over-
lapping ratio increases, the plastic strain on blade surface also
increases. For the different spot overlapping ratios, the
maximum plastic strains obtained were 0.0153, 0.0170 and
0.0200, respectively. The plastic strain in each bulge zone is
minimum and almost zero; the plastic strain in the bulging
edge is much larger than that in the non-bulge zone, and the
difference between them becomes larger in the multi-overlap
zone.

For aero-engine blades that are high-precision, complex
curved thin-walled types of parts, surface integrity re-
quirements are extremely high, and so it is not appropriate
to use high overlapping ratios (>50%) of spot overlapping
to impact. The overlapping ratio of 33% can control the

micro-plastic deformation on blade surface in a smaller
range while ensuring high amplitude compressive residual
stress. Also, in this case, the micro-bulges on blade surface
are more uniform, as well as the area of the impact zone is
wider, which is conducive to the improvement of the effi-
ciency of laser shock. The characteristics of residual stresses
and micro-plastic deformations generated by the LSI tech-
nology depend on the arrangement of micro-grooves and
their morphological characteristics, so Path B and Path C*
better reflect the impact morphology of the spot overlapping
zones.

Fig. 18 shows 33% spot overlapping ratio effect on the re-
sidual stress distribution and surface morphology change
along different paths. In Path B, the conventional impact
zones are interlaced with the secondary overlapping zones; in
Path C1, the secondary overlapping zones are interlaced with
the quadruple overlapping zones, but the overall overlapping
is dominated by the spot secondary overlapping.

The residual stress distribution is shown in Fig. 18 (a) and
(c). In Path B, the compressive residual stresses in multiple
bulge zones are very uniform and are not affected by the spot
overlapping. However, there is a significant increase in the
compressive residual stresses in the non-bulge zones in the
secondary overlapping zones compared to the non-
overlapping zones. In Path C1, the compressive residual
stresses in the bulge zones (in the secondary overlapping
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(b), (d) surface morphology change curve.

zones) next to the quadruple overlapping zones are larger
compared to the other bulge zones. The range of the
quadruple overlapping zones is small and is affected by the
spot boundary, so that the non-bulge zones have a tendency
to be convex upward, thus reducing the compressive residual
stresses. Due to the spot boundary effect, there is a difference
between Path B and Path C1 for the compressive residual
stresses in both secondary overlapping zones.

The surface morphology change is shown in Fig. 18 (b) and
(d). In Path B, the maximum heights of the bulge apexes in the
secondary overlapping zones are greater than those in the
non-overlapping zones, so are the maximum depths of pit
sinking. In Path C1, the heights of the bulges around the
quadruple overlapping zones are lower than the others, and
the quadruple overlapping zones are located at the boundary
of multiple spots, which do not show a greater depth of
sinking, but rather a reverse bulge trend. The sinking depths
of the secondary overlapping zones in Path B are more
consistent with the sinking depths of each spot center in Path
C1, but the heights of the bulges are still slightly different.
Generally, the overall morphology in the zone of the multiple
spots is more uniform, and the roughness of blade surface is
effectively controlled.

4, Conclusions

ABAQUS finite element models were used for TC4 titanium
alloy blades to conduct numerical simulation studies of laser
shock imprinting (LSI) in order to reveal the characteristics of
residual stress distribution and micro-plastic deformation on
blade surface. The simulation was conducted at different peak
pressures, impact numbers and spot overlapping ratios.
Following are the conclusions drawn from the simulation
work:

(1) LSI made the blade surface subject to the double action
of laser shock wave and the micro-grooves in contact
film, made realize accurate control of the micro-plastic
deformation (uniform micro-bulge morphology) on
blade surface. This greatly improved the complex and
uncontrollable micro-plastic deformation (depression
and flange interlacing morphology) caused by conven-
tional LSP due to spot overlapping.

—
N
~

LSI induced controlled micro-plastic deformation on
blade surface. Its plastic rheological behavior made the
distribution of stress-strain on blade surface change by
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the influence of surface morphology, which produced
significant stress-strain differences at the bulging edge,
non-bulge and bulge zones.

(3) When the blade was subjected to LSI, the increase in the
impact number did not decrease the stress difference
between the bulging edge and the non-bulge zones as
much as by the increase in the peak pressure. Increase
in the impact number maintained a certain value of
stress difference between the bulging edge, non-bulge
and bulge zones. The impact number showed more ef-
fect on the surface morphology change in the impact
zone of blade compared to the peak pressure.

(4) The overlapping of the laser spot not only covered a
larger area of the zone to be impacted but also promoted
beneficial compressive residual stresses in the zone.
The spot overlapping ratio of 33% effectively controlled
the surface micro-morphology induced by laser shock
waves, which produced uniform bulge morphology in
the zone of multiple spots acting on blade surface.
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