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Simulation and analysis of
residual stress in 17-7 PH
stainless steel welded joints using
laser shock peening technology

Weichen Yu!, Yaping Li*, Guicang Guo®* and Kangwen Li?

!Comac Shanghai Aircraft Manufacturing Co., Ltd., Shanghai, China, 2School of Mechanical
Engineering, Nantong University, Nantong, China

To investigate the effect of power density on the residual stress distribution on
the surface of 17-7 PH stainless steel welded joints during laser shock process,
we utilized ABAQUS finite element software for analyzing its distribution under
different laser shock power densities. The material was tested for residual stress
using an X-ray stress diffractometer to verify the accuracy of the simulation
results and lay the foundation for finding the optimal process parameters. The
simulation results show that when the laser power density is 2.79 GW/cm?, the
maximum residual compressive stress value on the surface of the sample after
laser shock peening is —37.2 MPa; When the laser power density is 2.79 GW/cm?,
the maximum residual compressive stress value on the surface of the sample
is —94.1 MPa; When the power density reaches 5.17 GW/cm?, the maximum
residual stress value on the surface of the laser shock peening sample is
—-144.8 MPa, and residual stress cavity is formed. The experimental results show
that when the laser power density is 2.79 GW/cm?, the maximum residual
compressive stress on the surface of the sample is —37.3 MPa; When the power
density is 3.98 GW/cm?, the uniformity of compressive stress distribution on the
surface of the sample is optimal, with a maximum residual compressive stress
value of —99.0 MPa; When the power density is 5.17 GW/cm?, the maximum
residual compressive stress value is —146.1 MPa, and residual stress cavity
is formed on the material surface. The simulation results are close to the
experimental results, and the model error ranges from 0.2% to 4.9%. The
simulation results are accurate and reliable.

laser shock peening, residual stress, simulation, power density, error

1 Introduction

Civil aviation components demand high safety, reliability, and balanced economic
considerations. This is especially true for critical load-bearing structural components
such as fuselage main beams, drive mechanisms, and landing gear, which require
corrosion resistance. High-strength stainless steels, known for their excellent
mechanical properties and corrosion resistance, have been widely utilized in the
aerospace industry (Samaniego-Gamez et al., 2022). Stainless steels such as 17-7
PH are primarily used for corrosion-resistant load-bearing structural components,
including various pipes, springs, fasteners, as well as engine parts and hydraulic
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systems (Berthe et al, 2011; Yip and Wang, 2003). The 17-
7 PH stainless steel is a typical semi-austenitic precipitation-
hardening stainless steel that can achieve high strength and good
toughness through heat treatment (Xu and Yu, 2008). However,
some weld joints of 17-7 PH are susceptible to stress corrosion which
significantly impacts aircraft safety. Therefore addressing this issue
is imperative.

Laser shock peening (LSP) is an advanced surface treatment
technology that utilizes high-energy laser pulses to generate intense
shock waves on the material surface, creating a layer of residual
compressive stress (Lu et al., 2019; Schwab et al., 2021). This process
can significantly enhance the material’s fatigue resistance and stress
corrosion resistance (Gu et al., 2023; Nasab et al., 2023). The effect
of laser shock peening is closely related to the residual compressive
stress at the welding joint. Wen et al. (2023) studied the effect of
laser shock peening on the very high cycle fatigue life of welded
joints. The results showed that LSP achieved grain refinement effect,
introduced residual compressive stress on the sample surface, and
thus improved the fatigue performance of the material. Wang et al.
(2023) used laser shock peening technology on HC420LA low-alloy
high-strength steel weldments, and the results showed that laser
shock peening can effectively refine the microstructure of the welded
joint, improve the microhardness of the impact area, and convert
the residual tensile stress of welding into residual compressive stress.
Li et al. (2022) examined the effect of LSP treatment on residual
stress, surface microstructure, and surface morphology of the rail
base of U75VG flash-butt welding joints. The results indicate that LSP
treatment generates a residual compressive stress layer on the surface,
and the surface hardness increases, leading to an increase in fatigue
life. In order to better understand the improvement effect of laser
shock peening on welded joints, finite element analysis can be used to
simulate the stress state of welded joints under pre applied tensile stress
conditions, and further study the influence of different laser shock
peening parameters on the evolution of residual stress. Cai et al. (2024)
studied the influence of different laser parameters on the residual stress
distribution of 316L stainless steel through numerical simulation and
conducted experimental verification. The results indicate that with
the increase of laser energy, the residual stresses on the material
surface and depth direction first increase and then gradually decrease
(Sun et al., 2023) established a single-point laser shock model using
the finite element method (FEM) and validated the model through
experiments to determine the optimal shock parameters. Chen et al.
(2024) combined experimental and simulation methods to investigate
the factors affecting the uniformity of laser shock peening and its
impact on the bending fatigue life of samples. Currently, Researchers
have made remarkable progress in the study of the propagation law of
laser shock wave and the dynamic plastic strain law. However, there
is limited research on the simulation of residual tensile stresses in
welded joints by pre-applying tensile stresses to the model, followed
by investigating the evolution of surface residual stresses under various
laser shock peening parameters.

This study investigates the impact of laser shock peening
at three different power densities (2.79 GW/cm?, 3.98 GW/cm?,
and 5.17 GW/cm?) on welded joints of 17-7 PH stainless steel.
A numerical model was developed using ABAQUS simulation
software to simulate the laser shock process on the welded joints
pre-applied with tensile stresses. By analyzing the equivalent stress
contour maps of the laser loading model, this study explores the
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constitutive relationship between shock wave power density and the
distribution of surface residual stresses. The distribution of residual
stress on the surface of the peened welded joints was measured using
X-ray diffraction stress analyzers to validate the reliability of the
simulation results. This provides technical support and a theoretical
foundation for subsequent research on material microstructure
evolution and stress corrosion performance.

2 Experiment preparation
2.1 Sample preparation

The 17-7 PH stainless steel used in this study has its chemical
composition and some mechanical properties listed in Table 1. The
17-7 PH stainless steel was cut into samples measuring 4 mm x
20 mm x 45 mm using wire cutting. A double-sided argon arc
welding method was employed, with the experimental equipment
being a WSE-500 AC/DC pulsed argon arc welding machine
manufactured by Nantong Fuli Electromechanical Equipment Co.,
Ltd. The TIG welding parameters are shown in Table 2.

After welding, both the front and back surfaces of the samples were
milled by 0.5mm, resulting in samples measuring 3 mm x 20 mm x
93 mm, with a center weld width of 5.5-6.5 mm. As shown in Figure 1.
Polish both sides of the welded sample with 240-1,200 grit sandpaper,
clean with anhydrous ethanol, and blow dry.

2.2 Experimental instrument

(1) Laser shock device

Xi ’an Tianruida YS100-R200A solid-state laser was used in
the experiment. Select deionized water as the constraint layer and
0.1 mm thick black tape as the absorption layer. The conditions for
laser shock on the surface of the sample are: spot diameter of 2 mm,
wavelength of 1,064 nm, and pulse width of 20 ns. Using energies
of 7], 10], and 13, the corresponding laser power densities are
2.79 GW/cm2, 3.98 GW/cm2, and 5.17 GW/cm2, respectively. The
overlap rate is 50% and the impact frequency is 3 times.

(2) Residual stress detection equipment

The X-ray stress diffractometer (Proto, Canada, LXRD type)
was utilized to measure the residual stress distribution on the
inner surface of the spot. The test parameters were as follows:
colorimetric tube diameter of 1 mm, Cr target material, Bragg Angle
of 156°, crystal face type (211), tube voltage of 30 kV, tube current
of 25 mA, and exposure time of 15s. Five measuring points are
positioned along the same diameter of the laser shock spot, as
illustrated in Figure 2. Each measuring point is assessed once in
three directions: 0°, 45° and 90°.

3 Numerical modeling
3.1 Geometric modeling

In order to improve the calculation accuracy and efficiency, a 3D
finite element model of 10 mm x 5 mm x 3 mm was established in
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TABLE 1 Chemical composition (mass fraction/%) and mechanical properties of 17-7 PH stainless steel.

6.5-7.75 1.0 229 1,030 380 20

TABLE 2 TIG welding parameters of 17-7 PH stainless steel.

Welding Welding
material wire
material

Joint type Wire

diameter/mm voltage/V

Welding Welding Shielding
current/A gas

flow/(L/min)

Welding
speed/(mm/r

17-7 PH stainless 17-7 PH stainless
steel steel

Butt joint 2.4

15 140 15 20

FIGURE 1
17-7-PH stainless steel argon arc welding sample.

90°
45°

OQ

FIGURE 2
Schematic diagram of test point location in impact area.

ABAQUS software. In the depth direction, the mesh size is set to
0.05 mm, the surface mesh size of the impact area is set to 0.05mm,
the other mesh sizes are unified to 0.08 mm, and the mesh cell type
is C3D8R, as shown in Figure 3. Two sides of the model were set as
symmetric constraints, the bottom was set as full constraints, and
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Impact region

FIGURE 3
Grid diagram of laser shock simulation model.

the radial path was set on the surface of the impact region, and the
shock wave transmission data was extracted every 10 ns.

3.2 Construction of material constitutive
model

Using Johnson-Cook model, the expression of Von-mises yield
stress oy expression of this model is given by Formula 1 (Aghdami
and Davoodi, 2020):

oy = (A+Be")(1+ CIng*)(1 - (T*)™) (1)

In this context, parameters A represent the initial yield
strength, parameters B represent the strain hardening index,
parameters C represent the strain hardening factor; parameters
& represent equivalent plastic strain; parameters z represent
the dimensionless plastic strain rate, parameters T represent
the correlation temperature and m represent the temperature
constant.

In the Johnson-Cook model, it is assumed that the effects of
strain, strain rate, and temperature on flow stress are relatively
independent, and the thermal effects during the laser shock
loading process of the specimen can be neglected. Based on
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TABLE 3 17-7 PH stainless steel material characteristics.

10.3389/fmats.2024.1484792

p/(kg/m?) E/(GPa) Poisson ratio A/(MPa) B/(MPa)
7,650 190 03 1,030 1,275 0.56 0.0147
these assumptions, the Johnson-Cook model can be simplified
as follows (Johnson and Cook, 1985):
1.0 o
_ n —x *
oy = (A +Be")(1 + CIng*) (2) . .
0.8 S Y
In Equation 2, the parameters involved in the J-C model £ .[ e
are listed in Table 3. These parameters were obtained through Split Q 06} d .\.
Hopkinson Pressure Bar and dynamic shear experiments, where p g .I \.\.
represents density and E represents Young’s modulus. 204} / ‘..
To study the distribution characteristics of residual stress in the & j (X
laser shock peening region, three mutually perpendicular forces in 0.2 |
the principal stress space at that point are used to represent the stress r
in any direction. Based on the bi-axial stress analytical method and 0.0 *
the stress-strai del of the unit body, the calculation f la fi . ' ' y y y y
esr.ess.sralnmo el of the uni o.y e calculation formula for 0 10 20 30 40 50 60
the principal stress vector can be derived (Cao et al., 2022). Time/ns
Omax = 0-5 [ \/(00 N 090)2 + (00 + 090~ 2045)2 topt 090] 3) Snfseuszz;‘e curve of laser shock wave loading.

Omin = 05[‘70 + 090 — \/(00 —0g9)* + (09 + 099 — 2045)21 4)

0y + 0y — 20,
tan 2a = _( ot 09 45) )
0o — 090
Where a is the principal stress direction Angle, gy~ 045+ and
04, are the residual stress values in the direction of 0°, 45°, and 90° at

the measurement point respectively, o,

‘max 18 the maximum principal

stress, and o,;, is the minimum principal stress.

min

3.3 Shock wave pressure model

When the shock wave pressure is greater than the Hugoniot
elastic limit oyy5; , the material surface will respond dynamically. The
relationship model between laser energy and shock wave pressure is
shown in Equation 6 (Fabbro et al., 1990), where the internal energy
conversion coefficient a is set to 0.2 (Li et al., 2023). Z represents the
equivalent acoustic impedance of the substrate and the confinement
layer, takenas Z = 2.94 x 10°g- cm™2 - 571, I is the laser power density
(GW/cm?), and P is the peak pressure of the shock wave.

o
P=0.01w/2a+3\/§\f10 (6)

Considering the interaction mechanism of laser shock and

materials, the analysis steps are divided into dynamic shock analysis
and static rebound analysis. The time setting for the dynamic
analysis step is 4,000 ns, which is much larger than the shock wave
loading time. The action time of the laser-induced shock wave is
approximately 2-3 times the pulse width, with the laser pulse width
being 20 ns. The simulated shock wave action time is set to 60 ns.
The impact pressure adopts the Fabbro model, with the side and
bottom of the model set as reflection boundary conditions. Stress
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waves can freely reflect and transmit on the side of the model, and the
reflected stress waves will be re injected into the model and affect the
calculation results. The pressure curve for the laser shock peening
wave loading is shown in Figure 4 (Qiao et al., 2019).

4 Experimental results and discussion
4.1 Model simulation results

In order to reduce the calculation time and ensure the accuracy
of the calculation results, and due to the symmetry of the geometric
features of micro-modeling, a quarter-symmetrical geometric model
is used in the modeling process. In this paper, first of all, the model
surface longitudinal tensile force, through the tensile force makes
the specimen surface and welding tensile stress value approximate
stress, at this time the specimen surface there is a large amount of
stress and strain, the stress field data derived from the re-attached
to the new specimen, at this time 17-7 PH stainless steel welded
joints on the surface of the surface of the approximate weld stress
value of the stress and almost zero strain, can be initially used as
a welded equivalent Stress field. That is, the model of the surface
residual tensile stress of 248.3 MPa, 17-7 PH stainless steel welded
joints surface residual tensile stress actually measured value of
246.3 MPa, the two are approximately equal, the simulation results
shown in Figure 5. Additionally, as seen in Figure 5B, the model
has undergone deformation in the longitudinal direction, with a
deformation value of 5 x 107> mm.

The propagation of the longitudinal wave of the laser shock wave
within the 17-7 PH stainless steel specimen is illustrated in Figure 6.
At t = 10 ns, at the surface of the material, the laser shock wave

frontiersin.org
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FIGURE 5

Application of welding tensile stress. (A) S11 Stress nephogram, (B) U3 Deformation pattern.
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FIGURE 6
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Propagation of P-wave in 17-7 PH stainless steel welded joint. (A) 10 ns; (B) 490 ns.
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FIGURE 7
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Surface Rayleigh wave propagation on the surface of 17-7 PH stainless steel welded joint. (A) 150 ns; (B) 300 ns.

exerts an instantaneous pressure, forming an initial stress field.
The surface of the material is loaded by the laser shock wave, and
the longitudinal wave of the shock wave begins to propagate from
the surface of the material to the bottom surface of the material,
whereas at the bottom surface of the material, the longitudinal
wave undergoes transmittance when it arrives. At t = 490 ns, the
longitudinal wave reaches the bottom surface of the material and
undergoes transmission at this interface. By measuring the time
difference and knowing the thickness of the plate, the propagation
speed of the longitudinal wave of the laser shock wave in 17-7 PH
stainless steel is determined to be 6.25 x 10° m/s.

Frontiers in Materials

When the pulsed laser is loaded on the surface of the specimen,
a shock wave perpendicular to the surface and a surface Rayleigh
wave characterized by radial expansion and contraction parallel
to the surface are generated sequentially. The propagation of the
surface wave on the surface of the 17-7 PH stainless steel specimen
is shown in Figure 7. This surface stress wave is generated at the
edge of the laser spot and propagates radially outward, forming
a surface Rayleigh wave. To calculate the propagation speed of
the surface Rayleigh wave, two arbitrary time points are selected
during the wave’s propagation. At t = 150 ns, the surface Rayleigh
wave propagating outward from the laser spot can be observed,

05
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FIGURE 8
Equivalent stress cloud image of 17-7 PH stainless steel model under laser loading with different power densities (A) 2.79 GW/cm?; (B) 3.98 GW/cm?;
(C) 5.17 GW/cm?.

and during propagation, the amplitude of the stress wave gradually
diminishes; at t = 300 ns, the surface Rayleigh wave is nearly
attenuated to zero. Between 120 ns and 270 ns, the wavefront of the
surface Rayleigh wave propagates outward by 0.46611 mm, which
allows us to infer that the wave speed of the surface Rayleigh wave is
3.11 x 10° m/s.

After multiple reflections of the stress wave, a stable residual
stress field is formed within the model. Following the rebound
analysis, the equivalent stress cloud diagrams for the 17-7 PH
stainless steel model under different laser power densities are
shown in Figure 8. As seen in Figure 8A, when the laser power
density is 2.79 GW/cm?, the peak pressure of the laser shock is
approximately 940 MPa, which is 1.55 times the Hugoniot elastic
limit of 17-7 PH stainless steel. At this time, there is no residual
stress cavity phenomenon observed on the shock surface, and the
residual compressive stress at the spot is —35.2 MPa. In Figure 8B,
it can be observed that when the laser power density increases to
3.98 GW/cm?, the peak pressure is about 1.9 times the Hugoniot
elastic limit of 17-7 PH stainless steel, and no residual stress cavity
phenomenon appears at the center of the spot; at this time, the
residual compressive stress at the spot is —99.0 MPa. In Figure 8C,
when the laser power density increases to 5.17 GW/cm?, the peak
pressure of the laser shock is approximately 2 times the Hugoniot
elastic limit of 17-7 PH stainless steel. With the increase of laser
power density, the dynamic stress response occurs on the surface of
the model, and the reverse loading of reflected waves occurs at the
edge of the impact spot, causing reverse plastic deformation. The
residual stress in the center area of the laser impact spot is missing,
and its value is significantly lower than that in the surrounding area,
and the residual stress cavity phenomenon occurs inside the model.

Frontiers in Materials

This shows that the shock wave at high power density can effectively
penetrate the material and produce large plastic deformation, which
is not conducive to uniform modification of the material (Li et al.,
2020). The of the spot
is =135.1 MPa.

residual stress at the center

4.2 Experimental test results

Using an X-ray stress diffractometer, the surface residual stresses
at five measurement points along the same diameter of the laser
shock area were measured in the 0° 45° and 90° directions.
Based on the test results and combined with Equations 3-5, the
values of the residual principal stresses and their direction angles
under different laser power densities, namely o,,,., 0., and «a
were obtained. The distribution of residual principal stresses and
direction angles along the same diameter in the shock area under
different laser power densities is shown in Figure 9. When the laser
power density is 2.79 GW/cm?, the curve for the maximum surface
residual principal stress shows little variation, while the curve for
the residual principal stress direction angle varies significantly,
indicating that the distribution of the residual principal stress
direction angle is quite dispersed, making it difficult to form
stress concentrations. When the laser power density increases to
3.98 GW/cm?, the surface residual stress in the laser shock area
becomes residual compressive stress, and the residual compressive
stress at the spot increases compared to that at 2.79 GW/cm?;
the residual principal stress direction angle curve also varies
significantly, making it less likely to produce stress concentration
phenomena. When the laser power density rises to 5.17 GW/cm?,
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FIGURE 9
Residual principal stress distribution and direction Angle induced by
different laser power densities (A) Maximum residual principal stress
distribution; (B) Minimum residual principal stress distribution; (C)
Residual principal stress direction angular distribution.

the residual compressive stress at the center of the spot further
increases, and the maximum residual compressive stress does not
occur at the center of the spot, leading to the formation of a residual
stress cavity.

Figure 10 illustrates the comparison between experimental and
simulated results of maximum surface residual stress following
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impacts at varying laser power densities. As shown in Figure 10,
without any laser shock treatment, the maximum simulated
residual stress is measured at 246.8 MPa. At a laser power
density of 2.79 GW/cm?, the maximum simulated residual
stress at the center of the spot drops to —37.2 MPa; this
further decreases to —94.1 MPa when the power density reaches
3.98 GW/cm?. Upon reaching a power density of 5.17 GW/cm?,
a phenomenon known as a residual stress cavity emerges at
the center, with simulation yielding a maximum residual stress
of —144.8 MPa.

The experimental findings align closely with those from
simulations: without laser shock treatment, experiments yield a
maximum residual stress measurement of 238.3 MPa—comparable
to its simulated counterpart—with an error rate of only 3.6%.
At a power density of 2.79 GW/cm?, experimental measurements
indicate a maximum residual stress value of —37.3 MPa, which
closely matches simulation results and reflects an error margin
around just 0.2%. For a power density set at 3.98 GW/cm?,
experimental data show peak values near —99 MPa with an
associated model error rate of approximately 4.9%. When the
laser power density reached 5.17 GW/cm?, the residual compressive
stress value at the spot obtained from the experiment further
increased compared to the residual compressive stress value of
the spot after 3.98 GW/cm2 laser impact. The maximum residual
stress value measured in the experiment was —146.1 MPa, and
the residual stress value obtained from the experiment was in
good agreement with the simulated value, with a model error
of about 0.8%.

The laser shock peening continuously increases the surface
residual compressive stress in 17-7 PH stainless steel, and the
higher the laser power density, the greater the value of the surface
residual compressive stress. In addition, when the power density is
relatively high at 3.98 GW/cm?, the residual stress on the surface of
17-7 PH stainless steel has the same direction and similar values,
and the distribution uniformity is improved, which is related to
the formation of numerous small, uniformly distributed grains
in the surface material under strong laser loading (Luo et al.,
2013). The increase in surface residual compressive stress
in 17-7 PH stainless steel can slow down the initiation and
propagation speed of surface cracks, thereby extending its
service life.

5 Conclusion

(1) The simulation results show that under the laser shock with a
power density of 2.79 GW/cm?, the residual tensile stress on
the surface of the specimen changes to residual compressive
stress, with the residual stress value decreasing from 248.3 MPa
to —37.2 MPa. Under the laser shock at a power density of
3.98 GW/cm?, the distribution of residual compressive stress
on the surface of the specimen becomes more uniform, and
the residual compressive stress further increases to —99.0 MPa.
Under the laser shock with a power density of 5.17 GW/cm?,
the residual compressive stress increases to —144.8 MPa,
at which point the residual stress in the center area is
lower than that in the surrounding area, forming a residual
stress cavity.
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FIGURE 10
Comparison of experimental and simulation results of maximum residual stress on the surface of laser impact specimens with different power densities
(A) Non-LSP; (B) 2.79 GW/cm?; (C) 3.98 GW/cm?; (D) 5.17 GW/cm?.

(2) The experimental results show that under the laser shock microstructures remains unclear, and further in-depth
with a power density of 2.79 GW/cm?, the measured residual research will be conducted in the future to investigate the
compressive stress values exhibit a Gaussian distribution, impact of laser shock on the microstructural properties of
with a maximum value of —37.3 MPa. Under the laser shock materials.

at a power density of 3.98 GW/cm?, the uniformity of the
residual compressive stress improves, with a maximum
measured value of —99.0 MPa. When the laser power
density increases to 5.17 GW/cm?, the maximum residual
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