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/is paper is based on laser shock peening (LSP) systemwith a flat-topped beam, using robot simulation software to determine the
oblique shock angle of different areas of a certain turbine diskmortise./ree-dimensional finite element analysis was used to study
residual stress field of Ni-based alloy GH4169 under flat-topped laser oblique shocking. /e effects of different laser energy and
different shocking number on residual stress field of Ni-based alloy GH4169 of LSP were studied. /ree-dimensional finite
element analysis used super-Gaussian beam distribution to construct spatial distribution model of shock wave induced by LSP.
/e simulation results were in good agreement with the experimental results. /e research results will provide a theoretical basis
for LSP of certain turbine disk mortise.

1. Introduction

Ni-based alloy GH4169 (equivalent to Inconel 718) has
excellent performance in high-temperature environments
[1, 2] and is often used in the manufacture of aeroengine
turbine discs. /e turbine discs and the blades of the aer-
oengine are tightly connected by the tenon and mortise. In
the process of aeroengine service, the turbine disc inside the
aeroengine drives the blades to rotate at a high speed. During
this process, the contact area will generate high-frequency
vibration, which can produce a high level of stress con-
centration. /e manufacturing process of the tenon and
mortise is easy to form harmful tensile residual stress on
surface and inside of material. Stress concentration and
tensile residual stress will cause microcracks on surface of
the tenon and mortise.

Research showed that 90% of the failures of in-service
metal structures are caused by cracks. Although the for-
mation of initial cracks may not directly lead to destruction
of the metal structure, the length of crack affects the retained
fatigue life of the metal structure [3]. /e residual stress of
the material has a significant influence on the crack growth
behavior [4]. It is generally believed that the compressive
residual stress on the surface can inhibit the initiation and

propagation of crack, which is beneficial to prolong the
fatigue life [5, 6]. Compressive residual stress can be ob-
tained by using some surface treatment techniques, such as
low plasticity burnishing [7, 8], shot peening [9], and LSP
[10, 11].

/ere are few researches on LSP in Ni-based alloys. Ren
et al. analyzed the thermal relaxation of residual stress in LSP
Ni-based alloy GH4169 through finite element analysis [10].
Karthik et al. showed that LSP enhanced corrosion prop-
erties in a Ni-based alloy Inconel 600 [12]. Cao et al. studied
the high-temperature oxidation resistance of Ni-based alloy
GH202 induced by LSP [13]. Kattoura et al. studied the effect
of LSP on residual stress, microstructure, and fatigue be-
havior of ATI 718Plus alloy [14]. Zhou et al. analyzed LSP on
Ni-based alloy K417 and its effect on thermal relaxation of
residual stress [15]. Xianliang Hu et al. simulated the surface
morphology and residual stress field of the Ni-based alloy
IN718 by Gaussian mode laser shock [16]. /e laser energy
distribution in numerical simulation study of LSP mostly
adopted the Gaussian beam [15–20]. Due to the charac-
teristics of Gaussian beam, the residual stress field in shock
area of material would be unevenly distributed, which would
affect the uniformity of shock effect. Converting the
Gaussian beam into flat-topped beam with approximately
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uniform energy distribution will improve the uniformity of
shock effect.

When LSP is performed on the mortise area of the
turbine disk, it is difficult for laser beam to enter perpen-
dicularly due to the narrow space of mortise of turbine disk.
/e incident angle of laser beam needs to be adjusted to
ensure that the laser beam can irradiate the mortise area to
be shocked. In this paper, the laser oblique shock angles of
different areas of the turbine disk mortise were determined
by robot simulation software. /e effects of different laser
energy and different shocking number on residual stress
field of Ni-based alloy GH4169 of LSP were studied through
numerical simulation. Finally, the simulation results were
compared with the experimental results.

2. Determine the Angle of Oblique Shock

Figure 1 is a schematic diagram of the mortise of a certain
turbine disk. Due to the narrow structure of the area of the
turbine disk mortise, the LSP could only be carried out in
oblique incidence. During laser oblique shock, the angle
between the beam and the normal of the surface of the area
to be shocked was greater than 0°, and the beam spot was
elliptical on the surface of the area to be shocked.
According to the structural characteristics and
strengthening requirements of the turbine disk mortise,
the areas that needed laser shock were determined,
namely, areas①,②,③,④, and⑤, as shown in Figure 2.
In order to adapt to the narrow space of the turbine disc
mortise, a small beam spot of 2mm was adopted. Using
the programming function of the robot simulation soft-
ware, the range of the oblique shock angle of each area was
determined. Table 1 shows the length of the mortise with
which the laser beam did not interfere when different
angles were used to shock different areas. According to the
data in Table 1, the angle of 60° was preferentially selected
as the oblique shock angle.

3. Numerical Simulation

3.1. Material Model. /e material model of simulation for
LSP is generally defined by the Johnson-Cook (J-C) model
[21, 22], and the equation is

σ � A + Bεn
(  1 + C ln ε∗(  1 − T

∗
( 

m
 , (1)

where σ is the equivalent flow stress; ε is the equivalent
plastic strain; ε∗ � (ε1/ε0), ε1 is plastic strain rate, and ε0 is
reference strain rate; A, B, n, C, and m are all the material
constants; T∗ � (T − T0)/(Tm − T0), T0 is room tempera-
ture, and Tm is the melting point of the material. /e pa-
rameters of J-C model for Ni-based alloy GH4169 are listed
in Table 2 [23].

3.2. Shock Wave Pressure Model of Oblique Shock. In the
simulation process, most of the calculation of the pressure
model of the laser-induced shock wave adopts Fabbro’s
model [21–23], and the equation is
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where P0 is the maximum pressure of shock wave in laser
vertical shock; α is the efficiency of the interaction, and the
value is 0.25; E, τ, and S are the laser energy, the spot area,
and the pulse width, respectively; (2/Z) � (1/Z1) + (1/Z2).
Z1 is reduced shock impedance of Ni-based alloy GH4169,
and the value is 0.32×106 g·cm−2. Z2 is reduced shock
impedance of water confinement layer, and the value is
0.165×106 g·cm−2.

/e spatial distribution of the light intensity of the three-
dimensional flat-topped beam at z� 0 is described by super-
Gaussian beam [24], and the expression is

E(x, y, 0) � E0 · exp −2
������
x2 + y2
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where E0 is the light intensity of the flat-topped beam at the
center of the spot; ω and N are the size and order parameters
of the super-Gaussian beam, respectively. When the value of
N is 2, the super-Gaussian beam will change to a Gaussian
beam, and the value of N was 100 in this paper’s simulation
calculation of the LSP system in the laboratory. Since the
laser energy is proportional to the square of the light in-
tensity, the spatial distribution of the vertical shock wave
pressure of the flat-topped beam is expressed as follows:

P � P0 × P(t) × P(x, y),

P(x, y) � exp −2
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where P(t) is a function of time of shock wave pressure; the
time distribution model of shock wave pressure under 20 ns
of pulse width is shown in Figure 3; P(x, y) is the distri-
bution coefficient of super-Gaussian beam; t is the time of
shock wave; (x, y) is the coordinate value of the loading
point in the numerical model.

When the laser shock is oblique, P(x, y) will be changed
with different shock angle [25]. When the shock angle is 60°,
the expression of P(x, y) is given as follows:

P60(x, y) � exp −2
���������
x2 + 4 × y2



ω
 

100
⎡⎣ ⎤⎦. (5)

3.3. Finite Element Model. A three-dimensional finite ele-
ment model was established using ABAQUS software to
simulate laser oblique shock processing of Ni-based alloy
GH4169. /e size of model was 20mm× 20mm× 4mm, as
shown in Figure 4. /e model was divided into three areas:
shocked region, effected region, and surrounding region.
Shocked region was shocked by laser and needed densemesh
to adapt to shock wave; effected region was prone to stress
concentration for shock wave, and sufficient mesh density
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was required; surrounding region away from the impact of
shock wave did not require dense mesh. In order to improve
accuracy and efficiency of the calculation results, the mesh
size of shocked and effected region was
0.12mm× 0.12mm× 0.1mm, and the mesh size of sur-
rounding region was 0.12mm× 0.5mm× 0.1mm./ewhole
model was composed of 721320 C3D8R type meshes, as

shown in Figure 5./e boundary conditions at the bottom of
the model were fully constrained.

4. Numerical Simulation Results
and Discussion

4.1. Effect of Laser Energy on Residual Stress Field. /ree
different laser energies were used for comparative analysis,
which were 5 J, 6 J, and 7 J, and other parameters were kept
the same (laser spot diameter of 2mm, laser pulse width of
20 ns, laser spot overlap rate of 30%, shocking number of 1,
and oblique shock angle of 60°). Figure 6 shows contours of
residual stress distribution of S11 on surface of a Ni-based

4mm

7mm

Figure 1: Structural diagram of the mortise of turbine disk.
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Figure 2: LSP area of turbine disk mortise.

Table 1: Length of the mortise with which laser beam did not interfere (mm).

Shock angle ① area ② area ③ area ④ area ⑤ area
0° 0 13 0 0 13
10° 1 13 0 0 13
20° 2 13 1 1 13
30° 4 13 2 2 13
40° 6 13 4 4 13
50° 8 13 4 4 13
60° 13 13 6 6 13
70° 13 13 10 10 13

Table 2: Parameters of J-C model of Ni-based alloy GH4169.

A (MPa) B (MPa) n C m ε0
860 1100 0.5 0.0082 1.05 1
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alloy GH4169 specimen under different laser energy. As laser
energy applied to the surface of material increased, the
maximum compressive residual stress on the surface of
material also increased, respectively: −296.2MPa,
−373.8MPa, and −443.5MPa; the maximum compressive
residual stress generated by 6 J increased by −77.6MPa
compared with 5 J, 26.6% amplitude of increase; the max-
imum residual compressive stress generated by 7 J compared
with 5 J increased by −69.7MPa, 18.6% amplitude of in-
crease. It could be seen that the surface compressive residual
stress increased with the increase of laser energy, but the
amplitude of increase would slow down. As shown in
Figure 6(a), the data of residual stress was extracted at the
center line of spot, that is, path X, and the residual stress
distribution curves are shown in Figure 7. In the process of
increasing the laser energy from 5 J to 7 J, the residual stress
field on surface of the material shock region always had some
approximately uniformly distributed area, and the unifor-
mity continued to decrease. /is was mainly due to the fact
that the spatial intensity of flat-topped laser beam is ap-
proximately uniform, with uneven distribution, and the
unevenness at edge part of the spot is larger than that in the
middle part of the spot. With the increase of laser energy, the
unevenness of the light intensity will be more obvious [26].
/e compressive residual stress on overlapping part of spot
was obviously smaller than that on central part of spot,
which was mainly caused by the increase of the beam ra-
diation area, the reduction of width of flat-top of beam, and
the increase of edge of spot due to oblique incidence of the
laser.

Figure 8 shows contours of residual stress distribution of
S11 in-depth direction of Ni-based alloy GH4169 specimen
under different laser energy. It could be seen fromFigure 8 that,
after LSP, the Ni-based alloy GH4169 sample would form a
certain range of compressive residual stress in-depth direction,
and then, through the compressive residual stress, other areas
down the range were tensile residual stress. /e material
formed a range of compressive residual stress in-depth di-
rection of overlapping part of spot that was larger than that of
other parts. But, at the same depth, the value of compressive
residual stress of material in overlapping part of spot was less
than that of center flat-top area of laser. Figure 9 shows the
relationship between residual stress field of Ni-based alloy
GH4169 specimen and the depth under different laser energy.
When the laser energy was 5 J, the value of range of depth of
compressive residual stress was about 0.458mm;when the laser
energy was 6 J, the value of range of depth of compressive
residual stress was about 0.522mm; when the laser energy was
7 J, the value of range of depth of compressive residual stress
was about 0.561mm. It could be seen from the above results
that as the laser energy increases, the value of range of depth of
compressive residual stress affected by laser of material would
increase. /erefore, a relatively deep compressive residual
stress can be formed inside the material with an appropriate
amount of laser energy.

4.2. Effect of the Number of Shocks on Residual Stress. In the
application process of LSP, it is difficult to meet the

performance requirements of material with only one shock.
Takingmultiple shocks can improve shortcomings caused by
one shock. /ree different numbers of shock were used for
comparative analysis, namely, 1, 2, and 3, and other pa-
rameters were kept the same (laser energy of 5 J, laser spot
diameter of 2mm, laser pulse width of 20 ns, laser spot
overlap rate of 30%, and oblique shock angle of 60°). Fig-
ure 10 shows contours of residual stress distribution of S11
on surface of Ni-based alloy GH4169 specimen under dif-
ferent shocking number. When 1 shock was adopted, the
maximum value of compressive residual stress on the ma-
terial surface was −296.2MPa; when 2 shocks were adopted,
the maximum value of compressive residual stress on the
material surface was −424.0MPa; when 3 shocks were
adopted, the maximum value of compressive residual stress
on the material surface was -497.0MPa. /e maximum
compressive residual stress after 2 shocks increased by
−127.8MPa compared with 1 shock, 43.1% amplitude of
increase; the maximum residual compressive stress after 3
shocks compared with 2 shocks increased by −68.4MPa,
17.2% amplitude of increase. By comparison, it could be seen
that as the number of shocks increased, the increase in
compressive residual stress on the surface of the material
decreased. /is is mainly because the increase in number of
shock waves on the surface of the material will increase the
rigidity and dynamic yield strength of material. It is more
difficult for materials to undergo plastic deformation, and
more energy is required to cause plastic deformation of
materials. /e same method of selecting path X as shown in
Figure 6(a) was adopted to obtain residual stress distribution
curve of material surface with different number of shocks as
shown in Figure 11. When the number of shocks increased
from 1 to 3, the residual stress field on the surface of material
shock area also always had some approximately uniformly
distributed areas, and the uniformity continued to decrease.
With increase of the number of shocks, the unevenness of
light intensity would be more obvious. /e compressive
residual stress on the overlapping part of the spot was
significantly smaller than that on the central part of the spot.

Figure 12 shows contours of S11 residual stress distri-
bution in-depth direction of the Ni-based alloy GH4169
specimen under different number of laser shocks. It could be
seen from Figure 12 that, after LSP, the Ni-based alloy
GH4169 sample would form a certain range of compressive
residual stress in-depth direction, and the range became
larger as the number of shocks increased. /e distribution
curves of residual stress in-depth direction of the material
under 1 to 3 shocks are demonstrated in Figure 13. It could
be seen from the figure that the value of range of depth of
compressive residual stress was about 0.458mm when LSP
was performed once; the value of range of depth of com-
pressive residual stress was about 0.497mm when LSP was
performed twice, 8.5% amplitude of increase compared with
1 shock; the value of range of depth of compressive residual
stress is about 0.537mmwhen LSP was performed thrice, 8%
amplitude of increase compared with 2 shocks. From the
data above, it could be seen that as number of shocks in-
creased, the amplitude of increase in compressive residual
stress on the surface of the material decreased significantly,
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but the amplitude of increase about the value of range of
depth of compressive residual stress did not change
significantly.

4.3. Effect of 6ree Different Laser Energies on Residual Stress
Field. In order to study the residual stress distribution of the
method of increasing energy after two shocks and the
method of gradient energy, combinations of three different
energies of LSP were selected. Energy combination I was 5 J,
5 J, 5 J; energy combination II was 5 J, 5 J, 6 J; energy
combination III was 5 J, 6 J, 7 J; energy combination IV was

7 J, 7 J, 7 J; and other parameters remained the same (laser
spot diameter of 2mm, laser pulse width of 20 ns, laser spot
overlap rate of 30%, and oblique shock angle of 60°). Fig-
ure 14 shows contours of the residual stress distribution of
S11 on surface of Ni-based alloy GH4169 specimen under
three different laser energies. /e maximum values of
compressive residual stress on material surface of energy
combinations I, II, III, and IV were −497MPa, −552.2MPa,
−629.7MPa, and −697.6MPa, respectively. According to the
above statement, it could be seen that the maximum value of
compressive residual stress on surface of energy combina-
tion II was increased by 11.1% compared with that of energy
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Surrounding region

820

20

4

Figure 4: Schematic diagram of model size in FEM.
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Figure 3: Time distribution model of shock wave pressure.

Figure 5: Schematic diagram mesh of model.
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combination I, while the maximum value of compressive
residual stress on surface of energy combination III was
increased by 26.7% compared with that of energy

combination I, and it was close to that of energy combi-
nation IV. It is shown that LSP with gradient energy could
have a better strengthening effect. Using the same method of
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Figure 6: Contours of residual stress distribution of sample surface with different laser power. (a) 5 J, (b) 6 J, and (c) 7 J.

0

–50

–100

–150

–200

–250

–300

–350

–400

Re
sid

ua
l s

tre
ss

 (M
Pa

)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Distance (mm)

5J
6J
7J

Figure 7: Curves of residual stress distribution of sample surface with different laser power.

6 Advances in Materials Science and Engineering



selecting path X as in Figure 8, the residual stress distri-
bution state curves of material surface with three different
energies as shown in Figure 15 were obtained. During the
transition of energy combination from I-II-III-IV, the re-
sidual stress field on surface of material shock area also
always had some approximately uniformly distributed areas,
and the uniformity continued to decrease with increase of
energy in combination, and the unevenness of light intensity
was more obvious. /e compressive residual stress on the
overlapping part of the spot was significantly smaller than
that on the central part of the spot.

Figure 16 shows contours of the residual stress dis-
tribution of S11 in-depth direction of the Ni-based alloy
GH4169 specimen under three different laser energies. It
could be seen that the Ni-based alloy GH4169 sample
would have a changed in-depth direction. A certain
range of compressive residual stress was formed. During
the transformation of energy combination from I-II-III-
IV, the residual compressive stress influence deepened,
and the range of compressive residual stress would be
larger. Figure 17 shows the residual stress distribution
curves in the in-depth direction of material under energy
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Figure 8: Contours of residual stress distribution in-depth direction of sample surface with different laser power. (a) 5 J, (b) 6 J, and (c) 7 J.
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Figure 9: Curves of residual stress distribution in-depth direction of sample surface with different laser power.
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Figure 10: Contours of residual stress distribution of sample surface with different number of shocks. (a) 1 shock, (b) 2 shocks, and (c) 3
shocks.
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Figure 11: Curves of residual stress distribution of sample surface with different number of shocks.
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combinations I, II, III, and IV. It could be seen from the
figure that the values of range of depth of compressive
residual stress of energy combinations I, II, III, and IV
were 0.537 mm, 0.562 mm, 0.601 mm, and 0.647 mm,
respectively. /e value of range of depth of compressive
residual stress of energy combination II was increased by
4.7% compared with that of energy combination I, while
the value of range of depth of compressive residual stress
of energy combination III was increased by 11.9%
compared with that of energy combination I, and it was
close to that of energy combination IV. It is shown

further that using gradient energy for LSP could have a
better strengthening effect.

5. Experiments

Firstly, a specimen of Ni-based alloy GH4169 with a size of
20mm× 20mm× 12mmwas made by wire cutting machine
before the experiment. Secondly, in order to remove burrs
and scratches in surface of the specimen, it was sanded with
sandpaper of different roughness (#180, #400, #1000, #2000,
and #3000). /irdly, it was polished to make the surface
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Figure 12: Contours of residual stress distribution of the in-depth direction of sample surface with different number of shocks. (a) 1 shock,
(b) 2 shocks, and (c) 3 shocks.
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Figure 13: Curves of residual stress distribution of the in-depth direction of sample surface with different number of shocks.
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smooth. Fourthly, the specimen was put into an ultrasonic
cleaning machine filled with anhydrous ethanol solution and
cleaned with ultrasonics to remove surface stains. Finally,

the surface of the sample was dried with a hair dryer and
pasted with black tape. /e experimental parameters in this
paper were laser energy of 6 J, spot diameter of 2mm, pulse
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Figure 14: Contours of residual stress distribution of sample surface with three different laser energies. (a) 5 J, 5 J, 5 J; (b) 5 J, 5 J, 6 J; (c) 5 J,
6 J, 7 J; (d) 7 J, 7 J, 7 J.
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Figure 15: Curves of residual stress distribution of the in-depth direction of sample surface with three different laser energies.
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width of 20 ns, shocking number of 1, overlap rate of 30%,
and oblique impact angle of 60°. /e experiment of LSP used
the Procudo® 200 Laser Peening System produced by LSP
Technologies, Inc./e sample of Ni-based alloy GH4169 was
fixed on the positioning plate of the robot arm of Procudo®200 Laser Peening System by a clamp, as shown in Figure 18.
/e mechanical arm was adjusted so that the laser beam
formed an angle of 60° with the surface of shock area of
sample. Figure 19 shows the surface morphology of sample
after LSP. Comparing the method of selecting path X in
Figure 6(a), the residual stress of the specimen surface was

tested along the center of the spot by X-ray diffraction with
sin 2ψ method. /e residual stress was measured by the XL-
640 X-ray stress meter produced by Handan Este Company
in China. /e X light tube voltage and current were set to
26 kV and 8mA, respectively. Counting time was 60 s. /e
X-ray source was CrKβ ray and the diffraction plane was a
phase (311) plane. /e feed angle of the ladder scanning was
0.04/s. /e scanning starting angle and ending angle were
149° and 157°, respectively. /e residual stress in-depth
direction of sample was obtained by electrolyzing the surface
of sample. /e numerical simulation and the experimental
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Figure 16: Contours of residual stress distribution of the in-depth direction of sample surface with three different laser energies. (a) 5 J, 5 J,
5 J; (b) 5 J, 5 J, 6 J; (c) 5 J, 6 J, 7 J; (d) 7 J, 7 J, 7 J.
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Figure 17: Curves of residual stress distribution of the in-depth direction of sample surface with three different laser energies.
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test results were in good agreement. /e finite element
model established for the flat-topped laser oblique shock was
verified. Figure 20 shows the residual stress distribution

curves of the material surface by numerical simulation and
experimental test. Figure 21 shows the residual stress dis-
tribution in-depth direction of the material by numerical

Figure 18: Schematic of Ni-based alloy GH4169 clamping.

Figure 19: Morphology of sample of LSP.
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Figure 20: Residual stress distribution curves of material surface.
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simulation and experiment test. /ere was a deviation be-
tween test data and the simulation data of residual stress,
which might be caused by the original stress on the surface
and depth of the material before LSP.

6. Conclusion

In this paper, a finite element analysis model of flat-topped
laser oblique shock was established by ABAQUS software,
and the effects of different laser energy and different
shocking number on the residual stress field of Ni-based
alloy GH4169 of LSP were discussed. /e conclusions ob-
tained were as follows:

/ree-dimensional finite element analysis used super-
Gaussian beam distribution to construct the spatial distri-
bution model of shock waves. /e simulation results were in
good agreement with the experimental results. /e research
results will provide a theoretical basis for LSP of turbine disk
mortise.

Compressive residual stress in the surface and the depth
of material increased with the increase of the laser energy
and the shocking numbers; since material will be hardened
after laser shock processing, increasing the laser energy after
two shock processings or adopting a gradient energy
combination for laser shock processing can more effectively
improve the performance of the material surface and make
the effect of laser shock processing better.
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