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Abstract

Laser peening has an extensive application in traditional manufacturing industry. However, in additive manufacturing, the initial
stresses on the parts often reduce the effects of laser peening and make it hard to achieve a desirable residual stress distribution. In
this investigation, the interaction of initial residual stress and laser peening-induced stress was studied through numerical
simulation and experimental tests. A finite element model (FEM) model was built to predict the stress distribution on laser-
deposited sample, and its changed state is affected by laser peening. The microstructure and mechanical properties were also
characterized experimentally. The result turned out that the thermal-induced tensile residual stress in laser-deposited sample can
affect the laser peening result in both horizontal and longitudinal directions. Some mechanical properties of the LAMed sample
were changed after LSP treatment. The hardness on the surface and 1-mm depth have been increased by 7% and 22%, respec-
tively, and the yield strength was increased by 16%, while there is no significant change in the tensile strength and elongation rate.

Keywords Laser peening - Laser additive manufacturing - Finite element analysis - Residual stress

1 Introduction

Like an inkjet printer, the products produced through laser
additive manufacturing (LAM) are formed by laser-melted
metal from point to point in a three-dimensional space [1].
The heating, melting, and solidification happen in every step
of the additive manufacturing process. The repeated heating
and cooling create spatially varied thermal cycles which in-
duce a complex residual stress field in components. The resid-
ual stress affects the surface hardness, tensile strength, corro-
sion resistance, and fracture toughness of the component and
can even cause cracking and distortion when it exceeds the
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yield strength of the material. To impart improved properties
into LAMed products, the residual stress should be regulated
to fulfill various working conditions. The residual stress state
of the LAMed components can be adjusted by optimizing
laser parameters, scan strategy, powder ingredient, preheating
[2-5],.etc. These methods can effectively prevent cracking
and distortion defects; however, it is hard to adjust the stress
in some critical points.

There are several ways to adjust surface stress distribution,
such as surface polishing, rolling, shot peening, ultrasonic
peening, and laser shock peening [6—9]. Among these
methods, laser shock peening (LSP) is the most suitable sur-
face strengthening technology for LAM [10]. First, the LSP
has the best geometric adaptability. The characteristic of LAM
is to build the parts which are hard or impossible to produce by
conventional subtractive machining, and the geometric fea-
tures of the LAM parts are usually nonuniform and complex.
The conventional stress-relieving strategy such as surface
polishing and rolling is hard to reach some corners and dents
on the sample [11]. Second, compared with the shot peening
and ultrasonic peening, LSP creates less surface strain and
shape change, which can be applied to some thinner and min-
ute structure on the products [12]. Third, LSP is superior in
improving fatigue and anti-corrosion performance. LAM
technology is widely applied in the aerospace and biomedical
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industry which has a high demand for long fatigue life and
good corrosion resistance performance.

Beneficial residual stress and microstructure refinement are
the most concerned feature induced by LSP process. Many
studies have concentrated on this part. In additive manufactur-
ing, Hackel [12] compared the effect of shot peening and LSP
on additive manufactured parts; they pointed out that laser
peening would be especially beneficial for applications where
geometry requirements create areas of increased stress such as
in fillets and notched areas leading to local stress risers.
Hurtado [13] studied the effectiveness of LSP on the residual
stress mitigation of laser-cladded S275 and 316 steel. They
found that tensile residual stresses were generated on the laser-
cladded surface in both longitudinal and transverse directions,
and LSP can introduce significant levels of compressive stress
(~200-300 Mpa) to the overlays. Guo [14] studied LSP effect
on additive manufactured Ti6Al4V titanium alloy. The results
turned out that the LSP can create compressive residual stress
with the maximum value of around 200 MPa, and an affected
depth of 700 um and the microstructure in the surface layer
were refined after peening. Sun [15] applied the LSP technol-
ogy on additive manufactured 2319 aluminum alloy; they
found that LSP can refine the surface microstructure and en-
hance the microhardness and tensile properties. Shiva [16]
compared the effects of laser annealing and laser shock
peening on additive manufactured Ni—Ti memory alloy; they
got the same conclusion that the LSP can induce compressive
residual stress to prevent the surface crack formation. They
also built a simple FEM model to estimate the residual stress
of'the laser-peened sample, but they did not consider the initial
stress in the as received sample. Kalentics [17] integrated laser
peening into laser additive manufacturing. During the
manufacturing, the LSP was conducted on each laser-
deposited layer. The results turned out that the integrated
LSP successfully induces compressive residual stress into
the additive manufactured layer, but the parameter coopera-
tion between LSP and laser-deposited layer thickness needs to
be further optimized to achieve the desired residual stress con-
tour for a given application. Although it has been approved
that the LSP technology is a promising tool to enhance addi-
tive manufactured parts, the residual stress superstition mech-
anism caused by LSP is still not fully understood.
Furthermore, the uncontrollable superposition of the stress
and strain may lead to undesirable deformation and stress
distribution. For different applications, it is necessary to pre-
dict the LSP-induced residual stress field under a given initial
residual stress condition.

The objective of this work is to predict the LSP-induced
residual stress superposition on additive manufactured parts
and evaluate its effects on microstructural features and me-
chanical characteristics. A FEM model was developed and
verified with experiments to predict the residual stress distri-
bution before and after LSP. The residual stress,
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microstructure, hardness, and tensile strength were investi-
gated by X-ray diffraction measurements (XRD), optical and
scanning electron microscopy (OM, SEM), microhardness
tester, and electronic universal testing machine. The effects
of the LSP on the residual stress and mechanical character-
istics of the additive manufactured material were then
discussed in detail.

2 Materials and methods
2.1 Laser deposition

The laser deposition was performed in Southeast University,
Nanjing, China, with TruDiode 3006 laser. The laser power
applied in the experiment was 800 W, with 2-mm laser diam-
eter. The scan speed was 600 mm/min. The powder used in
this article is 1236F/FE-271(Praxair USA), and its composi-
tion is close to that of AISI 316 L stainless steel (Table 1). For
different analysis purposes, two kinds of samples were
printed. To analyze the residual stress distribution, the sample
is deposited as the size of 20 mm % 30 mm x 3 mm (Fig la, b)
with three layers. For the tensile stress test, the sample was
printed as the size of 70 mm x 12 mm x 3 mm (3 layers) and
then cut with electric discharge machining to dog bone shape
(Fig. 1c). The size of the tensile stress sample is shown in
Fig. 1 c.

2.2 Laser peening

LSP experiment was carried out on laser-deposited sample by
a Q-switched Nd: YAG laser system. The treated areas are
plotted in Fig. 1 b and c. The laser machine was operated at
1 Hz repetition rate, 1064 nm wavelength, and 20 ns pulse
width. In this work, 3-mm diameter spot size and 50% over-
lapping rate were used. Pulse energy selected in this experi-
ment was 7 J, and the energy density was calculated as ap-
proximately 4.95 GW/cm®. Before LSP, samples were cov-
ered by aluminum foil adhesive coating with a thickness of
0.15 mm to prevent the thermal effects. Additionally, a deion-
ized water film with a thickness of 1-2 mm was used as the
transparent confining layer. During LSP, a zigzag scan vector
was employed as scanning strategy.

Table1 Chemical composition of 1236F/FE-271 Praxair power (Wt%)
C Cr Mn Mo Ni P S Fe
0.004 17 1 2 12 0.019 0.004
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Fig. 1 Sample size, a sample for residual stress and microstructure analysis, b laser peening route, and ¢ sample for tensile test

2.3 Microstructure characterization

The microstructure of laser-deposited samples before and after
laser peening was evaluated through OM and SEM. The cross
sections for microstructure observation were cut perpendicu-
larly to the treated surface. Transmission electron microscopy
(TEM) of laser-peened samples was conducted to analyze
detailed changes of the microstructure. Samples were put into
mechanical thinning from the untreated side for the topmost
surface specimens. For further electrolytic thinning, 3-mm
disks were punched. Electrolytic thinning of the punched
disks was carried out using twin-jet polisher. The subsurface
specimen disk was thinned from both sides until perforation,
whereas the jet polishing was employed for purpose of back-
forward thinning for the top surface specimen.

2.4 Mechanical property test

Microhardness measurements were conducted using HXD-
1000TMSC/LCD Vickers hardness test machine.
Measurements were made on the polished cross sections go-
ing from peened edge to the center of the sample. A load of
200 g was adopted for a dwell time of 10 s and 250 um was

Fig. 2 a Simulation domain. b (a)
Temperature history at point A

Sample line

kept between indents. Each microhardness value was the
mean value of two measurements at the same depth.

The residual stresses of laser-deposited samples before and
after laser peening were measured by using X-ray diffraction
(XRD) with sin21) method. The X-ray source was Cr Ko X-
ray, and the diffraction plane was (220). The X light tube
voltage and current were set at 22.0 kV and 6.0 mA, respec-
tively. Measurements were carried out on each layer of the
deposited sample. The stresses on the top layer were measured
directly. To measure the residual stress on the middle and
bottom layer, the samples were first ground off 0.8 mm thick-
ness material and then polished by electrochemical polishing
to remove the residual stress induced by grinding.

The schematic drawing of the tensile test specimens is
shown in Fig. 1 c. Before the tensile test, both faces of the
gauge area are treated by LSP, as shown in Fig. 1 c. The
uniaxial tension test was carried out on a CMT5105 electronic
universal testing machine. The test was performed at room
temperature with a feed speed of 3 mm/min. The tensile
strength and uniform elongation were an average of six testing
values to minimize the uncertainties. Fractographic examina-
tions of specimens after completion of tensile tests were car-
ried out using SEM.
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Fig. 3 Temperature-dependent a thermal-physical properties and b thermal-mechanical properties of AISI 316 stainless steel

3 Numerical model

The numerical calculation contains three steps. First, a thermal
model is built to calculate the full temperature history of laser
deposition process. Second, apply thermal-mechanical prop-
erties of the material into the model to calculate the stress
evolution based on temperature history. Third, take the results
from thermal analysis as an initial condition to calculate the
laser peening-induced residual stress.

3.1 Thermal analysis

Figure 2 a shows the simulation domain, the deposited cuboid
is 30 x 20 x 3 mm, and the substrate is 50 x 50 x 10 mm. The
mesh on the deposited part is refined to achieve better calcu-
lation accuracy; a total of 24,700 elements are built in the
model.

The three-dimensional transient thermal analysis is
governed by the equation:

0 oT 0 oT 0
25) a ) 2

where T represents the temperature, k£ denotes the thermal
conductivity, O is the laser volumetric heat input, and p is
the material density. The latent heat of fusion is considered
in the model by modified ¢ as [18]:

or or
—) +0 = pc—

0z ot (1)

L
Tm_TO

C(T) = C,(T) + (2)

Table 2 Basic material properties for 316 stainless steel

where C(T) is the modified specific heat, C, is the
temperature-dependent specific heat, L is the latent heat of
fusion which is set as 365 kJ/kg [19], T, is the melting tem-
perature, which is set as 1800 C, T, is the ambient tempera-
ture, temperature and is set as 20 C. The temperature-
dependent material properties are drawn in Fig. 3 [20].

The heat source applied in this work is a Gaussian beam;
the intensity function can be described as:

272
P\

where A is the absorptivity of the steel; in present work, we
take A = 0.4; P is the laser power; w is the radius of the beam;
and r is the radial distance from the beam center.

To make simulation accurate, the initial and boundary con-
ditions should be defined. The initial temperature is set to
20 °C according to the room temperature. Thermal boundary
conditions consider the heat convection in the air, the surface
heat radiation to ambient air and conduction. The heat loss can
be expressed as:

Deonv = hCOHV(TiTOO)

24P

Q(r) = (3)

mw?

(5)
(6)

Grad = EU(TLT?o)
where /.., 18 the convective heat transfer coefficient of the
shielding gas, ¢ is the emissivity of the sample, and o is the
Stefan-Boltzmann constant.

For isotropic material, the stress-strain relationship can be
written in Cartesian coordinates as follows [21]:

Material properties Density (Kg-m )

Poisson ratio v

Elastic modules (GPa) HEL (GPa)

316 stainless steel 7800

0.29

196 1.47
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Fig. 4 The mechanism of laser o4
peening stress superposition
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at the sample surface. Constrained by confinement layer, a

é (0w x V(o + 022)] + AT shock wave was induced and propagated into the sample. In
1 this mode, the peak pressure P is given by:
v = [0y X V(0w + 022)] + AT (7)
1 _ x -
-z (02 X V(0w + 03y) | + AT P(GPa) = 0-01\/ 2o 13 Z(g cm?s71)
1+v 1+v 1+v
€= —p Oy € =—F O €= Ox (8) 1o(GW CM?) (9)

where E, v, and o, are the modulus of elasticity, Poisson’s where P is laser-induced pressure; Z is the reduced shock

ratio, and coefficient of thermal expansion, respectively. A7 impedance between sample and confinement layer; and a is
represents a temperature rise at a point (x, y, z) at time ¢. the efficiency of the interaction. In water confinement mode,

Eq. (9) can be simplified as:

P(GPa) = 1.024/1o(GW CM?) (10)
To predict the effect of laser peening, the residual stress from

the thermal analysis is imported into the explicit calculation ~ where the pressure pulse is assumed to be uniform over the
model as initial stress. The laser peening can be considered as  laser spot.

a confined ablation process. The laser energy passes through a In the LSP process, strain rates exceed more than 10° s
transparent confinement layer (normally water or glass) to ~ within the target material. At such a high strain rate, metals
ablate the absorption overlay beyond the sample surface.  behave significantly different from that under quasi-static con-
The ablation plasma heated and supported by laser expands  ditions [22]. In this work, Hugoniot elastic limit (HEL) model

3.2 Model of laser peening

b c
(a) Sampksurl‘:ce Mpa (0) Middle layer Mpa © Sample bottom Mpa
20 - 0 20 2 20
0 25
10
10 5
g . £ * 3
£ E E 15
= 10 - 10 -
10
20 - 3
s
20
0 . 0
0 5 0 15 220 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
X (mm) X (mm) X (mm)

Fig. 5 The residual stress distribution. a Sample surface, b middle layer, and ¢ bottom layer
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tion can be defined in terms of the HEL by Braisted and
Brockman [18]:

1—2v

-V

Gayn = HEL

(11)

where v is the Poisson’s ratio. In the analysis, the workpiece
material is assumed to be homogeneous and isotropic. The
plastic strain is assumed to be perfectly elastic-plastic with
dynamic yield strength defined as 04y, and the basic mate-
rial properties required for the simulation are shown in
Table 2.

The mechanism of stress superposition of LSP on laser
additive manufactured sample is plotted in Fig. 4. The
stress-strain curve during normal laser peening process can
be described as the dashed line in Fig. 4. The o represents
the load stress added on the material, and &y _is the strain on the
material, and their relationship can be described as [23]:

(a)

100 T T T

Stress(Mpa)
a
=

= Laser shock twice

-350 ====Shock without initial stress 7
¢ XRD test
400 . . s
s 10 15 20 25

Distance (mm)

where K is the material bulk modulus; G is the material shear
modulus; v is the Poisson’s ratio; and o4y, is the dynamic yield
strength.

Consider initial stress, define:

where oy gp is the load stress induced by LSP and o, represents
initial stress. Without initial stress and strain, the LSP-induced
stress loading process is plotted as dashed line in Fig. 4. First,
the stress rapidly grows up, and elastic deformation occurs.
Then, the stress continues to increase and reach the dynamic
yield strength limit (point A); the material starts plastic defor-
mation until the load totally attenuates. Finally, the material
enters the elastic offload phase, where the elastic deformation
release and the plastic deformation remained (point D). When

g = 0
G‘ﬁéo

oLsp
o; + oLsp

(13)

(b)
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Fig. 7 Residual stress distribution after laser peening. a X-direction stress. b Stress along the depth
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LSP induced Surface deformation

Fig. 8 OM and SEM results. a OM result of laser-peened sample. b SEM result of laser-deposited sample. ¢ SEM result of laser-peened sample

the sample has initial stress which in the same direction as the
load stress, the start point of the stress-strain circle moves to
point O, and the load stress oy can be written as oy + o gp. The
stress inside of the sample quickly reaches the dynamic limits
of the sample. As the increase of the load, additional plastic
deformation is created, and the load stage ends at point B'.
After offload, the strain remained inside of the sample is a little
larger than the normal condition (point D’). Conversely, when
the direction of the initial stress is opposite against the load
stress, the less plastic strain will remain at the end of the load-
offload circle (blue line).

4 Results and discussion

Figure 5 shows the simulated residual stress distribution on
the top, middle, and bottom layer of the deposited parts. It is
clear to see in all three layers; tensile stress appears in the
middle. The stress values on the edge of the sample are lower
than those in the center part. A small part of compressive
stress appears on the edge of the sample and gradually turns
into tensile stress toward the sample center.

To verify the simulation results, the residual stresses are
tested along the midline of the sample in the transverse direc-
tion (Fig. 2) layer by layer. As plotted in Fig. 6, the trend of the

(a)

—
250 pm
Fig. 9 EBSD results at sample surface. a Before laser peening. b After laser peening

-
250 pm

experiment results and simulation results is barely similar. In
the top and middle layers, the stress distribution is like a pa-
rabola shape; the tensile stress appears in the center of the
sample. While in the bottom layer, the stress curve is relatively
flat. The slight mismatch between the experimental and sim-
ulation results could be caused by the following reasons: first,
due to the manufacturing error, the final shape of the deposited
material is hard to be a strictly “cuboid” as modeled in FEM
program, and second, the surface quality and grain defects can
affect the results of XRD test, while the simulation results are
the mean value of the nodes on the observation point.

Figure 7 compares the residual stress distribution before
and after LSP process. It is clear to see that before laser
peening, the sample surface was occupied with tensile stress,
and laser peening successfully imports compressive stress into
the sample. It is worth noting that, in laser-deposited sample, a
large compressive stress area appears after laser peening.
However, in the normal laser peening process, the compres-
sive stress is restricted inside of the laser spot, and few tensile
stresses are spotted on the edge of the shocked area (the dot-
dash line in Fig. 7a). Figure 7 b plots the stress distribution
along the depth direction. When initial stress equals 0, a single
shock can create compressive stress as high as —351.2 MPa.
By contrast, with initial tensile stress around 50 MPa, the
maximum compressive stress created by single shock is only

11

101
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Fig. 10 The TEM results of laser-
peened sample. a Laser peening-
induced dislocations. b Laser
peening-induced twins

Dislocations

—291.6 MPa. It can be also concluded from Fig. 7 a and b; in
laser-deposited sample, it costs two shocks to achieve similar
value and depth of the compressive residual stress obtained in
zero initial stress condition. In Fig. 7 b, the stress curves grow
up sharply after 2-mm depth; this reveals the fact that the
maximum effective depth of LSP is about 2 mm.

The different results of the residual stress distribution indi-
cate that the internal stress in laser-deposited sample can dra-
matically influence the laser peeing results. Experienced a
repeated heating-cooling cycle during laser deposition pro-
cess, the contract and expansion of the material created a com-
plex strain and stress field. The residual stresses generated
inside the sample are presented as elastic stress. Based on
the deformed shape, the stress inside of the sample remains
a delicate balance. When an exterior excitation is introduced
(e.g., LSP in this work), the stress inside the sample will be
redistributed according to the induced strain and generate a
coupled residual stress distribution.

Figure 8 a and b are OM and SEM results of LSP-treated
sample, and Fig. 8 c is the untreated sample. The microstruc-
ture of laser-deposited sample is mainly austenite, and few
ferrites are distributed on the grain boundary. Compare the
results in Fig. 8 b and ¢, the microstructure before and after

Twins

500 nm 500 nm

laser peening looks similar; no distinct phase change is ob-
served after laser peening. To further confirm this result,
EBSD analysis was performed on LSPed area. Figure 9 is
the EBSD results. It did not show a clear trend of grain refine-
ment after laser peening. Nevertheless, the surface deforma-
tion is obvious in both macroscopic and microscopic observa-
tions. Usually, the surface deformation induced by conven-
tional surface treatment such as shot peening is accompanied
by strain-induced martensitic transformation [24]. However,
in this work, no martensitic phase is spotted inside of the
sample. Thus, the deformation mechanism of LSP on the
laser-deposited sample should be further studied. Figure 10
shows the TEM results of LSPed sample. It can be spotted
from Fig. 10 a that a high density of dislocations are formed
after laser peening, and the mechanical twins with very thin
band are developed. The twins are extremely fine, with thick-
ness in the range from 20 to 40 nm. With such a large amount
of microcosmic change inside of the sample, we can deduce
that the surface deformation induced by laser peening on
laser-deposited sample is the accumulative effects of a mas-
sive amount of dislocations and twins. As the laser shock
wave propagates along with the depth of the sample, the atoms
inside of the sample were pushed forward at a massive speed;

(a) (b)
280 f —J—Before LSP 1
—f}—After LSP
= M | . .
$ s £ s £
Z & & & (S
Q2401 T & Na €  a
= = o = o
i o = = =
= g &k £ | & ]
=220 i g [ s 2 S
= b = =
T 8 T £
- = - =
200 ¢ 1
0 500 1000 1500 2000 2500 3000 With LSP Without LSP

Depth (;zm)

Fig. 11 Mechanical properties of the samples. a Microhardness. b Tensile test
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Table 3  Two sample T test for tensile test results

Index Sample number Mean Standard deviation Difference 95% CI for difference P value
Yield strength (MPa) with LSP 6 464.00 5.38 65.97 (58.35, 73.58) 0.000
Yield strength (MPa) without LSP 6 398.03 6.25

Tensile strength (MPa) with LSP 6 570.30 9.75 1.30 (—11.69, 14.28) 0.827
Tensile strength (MPa) without LSP 6 569.0 10.1

Elongation rate (%o) with LSP 6 489.6 212 -155 (—43.8,12.9) 0.248
Elongation rate (%o) without LSP 6 505.1 222

when the atomic stress exceeds the critical twinning stress of
the material, some atoms will move to a new position and
change the lattice structure [25]. The lattice structure can be
changed and reflected as stack faults and twins. The move-
ment of the atoms also created some non-close-packed atoms
and reflected as dislocations. Since the strain rate of laser
peening is super high (10° s™"), the shock wave did not have
enough time to induce a continuous lattice structure change,
so the phase transformation is not obvious in our sample.
Figure 11 a depicts the hardness distribution in the depth
direction of LSPed and untreated samples. It is clear to see that
LSP treatment dramatically improved the hardness of the sam-
ple. To verify this deduction, a one-sample 7 test was per-
formed to determine whether the LSP can enhance the hard-
ness. Before LSP, the samples’ mean hardness was 216.7 HV;
the result of the T test shows that the confidence interval (CI)
of the hardness after LSP is (234.88 HV, 248.91 HV); and the
p value equals 0, which means the LSP has significantly im-
proved the hardness of the sample. After LSP, the hardness in

Fig. 12 Fracture surface
morphologies of additive
manufactured 316 stainless steel.
a and ¢ Fracture surface
micrograph of laser-peened
sample. b and d Fracture surface
micrograph of laser-deposited
sample (untreated)

the central part increased from 201 to 246 HV, while on the
surface, the hardness only increased from 227 to 245 HV. Two
facts can affect hardness change. First, the laser-induced high-
density dislocations and twins reinforced the mechanical
property and increased the surface hardness. Second, the re-
sidual stress also contributes to the hardness increment. It can
be seen from Fig. 7 b that the laser affected residual stress field
reached as depth as 2 mm and the peak value appeared around
1-mm depth which is the center part of the sample. The com-
pressive stress makes the material hard to deform and thus
reduced the indented area. Figure 11 b compares the tensile
properties of treated and untreated samples (each of the data
plotted on the bar chart is the mean value from 6 samples).
Combined with the T test results in the Table 3, we can deduce
that the LSP has a prominent effect on the yield strength of the
material; after LSP the mean value increased from 398 to
464.4 MPa. By contrast, the tensile stress only has a
1.3 MPa increase after treatment. On the other hand, the mean
elongation rate of the sample also did not show a remarkable
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change after LSP; the value only changes 1% after LSP
treatment.

Figure 12 compares the fracture morphologies of additive
manufactured samples. Figure 12 a and c are laser-peened
samples, and Fig. 12 b and d are untreated samples. It can
be seen from the pictures that all the samples show a lot of
dimples on the fracture surface which means the laser additive
manufactured samples have good ductility. Compared with
LSPed sample, the dimples in the untreated sample are little
coarser than laser-peened sample; although some big dimples
are found in the untreated sample, the number of them is
small; and combined with 7 test result, we can conclude that
the LSP’s influence on the ductility is limited.

5 Conclusion

The residual stress, microstructure, and mechanical properties
of LSP-treated LAMed 316 steel were studied in this article.
The residual stress was studied through a three-dimensional
finite element model to reveal the interaction of thermal initial
stress and LSP-induced stress. The microstructure and me-
chanical properties of LSP-treated samples were examined
through the experimental method. The main conclusions are
as follows:

First, the numerical model built in this article successfully
predicted the LSP-induced residual stress on laser additive
manufactured sample. The simulations results agreed well
with the XRD measured results. The thermal-induced tensile
residual stress in laser-deposited sample can affect the laser
peening results in both horizontal and longitudinal directions.
The tensile initial stress can reduce the compressive stress
induced by LSP. In laser-deposited sample, the area of the
surface compressive stress induced by LSP was a little larger,
but the affected depth is relatively lower when compared with
the stress-free sample.

Second, after LSP there is no obvious phase change and
grain refinement in OM and SEM and EBSD observation. A
large number of dislocations and twins were spotted in TEM
results of LSP-treated sample. The LSP-induced surface de-
formation can be the accumulative effects of the
microdisplacement of the atoms driven by LSP-induced shock
wave at high strain rate.

Third, some mechanical properties of the LAMed sample
were changed after LSP treatment. The hardness on the sur-
face and 1-mm depth have been increased by 7% and 22%,
respectively, and the yield strength was increased by 16%,
while there is no significant change in the tensile strength
and elongation rate.
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