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Abstract

Functional thin-walled aluminum alloys were the main production materials for the outer wall of novel lightweight
flight power. The harsh service conditions of power had put forward strict requirements on the mechanical properties and
functional characteristics of thin-walled parts. The functional surface produced by the traditional process was difficult to
overcome the functional-mechanical properties trade-off. The feasibility and productivity of complex curved components
was another issue. How to efficiently manufacture functional structures with excellent mechanical properties was the key
technical bottleneck that needed to be broken through in current engineering field. A novel strategy called multistage
laser shock peening (MLSP) was proposed to manufacture microstructures with functional and excellent mechanical
properties. The mechanical properties, surface wettability, electrochemical behavior and tribological behavior of MLSP
samples were systematically discussed and analyzed. A series of micro-pits filled with abundant micro and nano
structures were shown on the surface of the enhanced MLSP sample, which constituted functional microstructures across
scales. Due to the decrease of the shock pressure, the hardness of the material presented a gradient distribution in the
horizontal and vertical directions. Effective synergistic plastic deformation was achieved in MLSP-induced multistage
heterogeneous gradient structures, which increased the yield strength of the material by 214 % from 21 MPa to 66 MPa
while the ductility was slightly reduced from 26 % to 25 %. Compared with the traditional laser shock technology, the
MLSP samples had more balanced structural properties. MLSP strategy could provide a new way to manufacture high
reliability functional metal surfaces.

Key words: Multistage laser shock peening; Heterogeneous structure; Micro-pits; Functional surface; Mechanical
properties

1. Introduction

Lightweight aluminum alloy with excellent thermal conductivity has become the preferred material for new
thin-walled key components of flight power [1-5]. The complex service environment of flight power, such as high cold,
humidity, high-speed particle erosion, etc., puts forward more stringent requirements on the functional characteristics of
the outer wall of the aircraft, such as hydrophobicity, corrosion resistance and wear resistance. The microstructure of the
metal surface is the direct source of the functional properties of the material, but the unsatisfactory mechanical properties
of the microstructure often become the main cause of the attenuation of the functional properties of the material, which
seriously affects the efficiency and reliability of the aircraft operation [6,7]. Therefore, how to fabricate a metal wall
material with both excellent mechanical properties and functional properties has become the main technical bottleneck
that needs to be solved urgently.

Common fabrication methods for metal surface microstructures include electrochemical corrosion [8-10], vapor
deposition [11-13], electrical discharge machining [14-16], shot peening [17-19]. However, these traditional
manufacturing methods all have this unavoidable process shortcoming. The processing quality of electrochemical
corrosion is difficult to control effectively. Vapor deposition has higher processing quality, but lower processing
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efficiency and less flexibility. The material has thermal defects that are difficult to remove after electrical discharge
machining. While shot peening enables the fabrication of large-area microstructures, the machining accuracy is low due
to the random shot blasting. Compared with the conventional process methods, laser processing technology has the
advantages of environmental friendliness, high flexibility and strong controllability [20,21]. The plasma shock wave
induced by pulse laser can generate rich micro-nano morphology on the metal surface, and can produce excellent
strengthening effect on the metal [22,23]. Therefore, pulse laser fabrication is considered to be an effective method to
fabricate high-reliability microstructures. The direct ablation of femtosecond pulsed laser can realize the fabrication of
micro-nano topography with controllable size on the surface of the material under the premise of the minimum
heat-affected zone. However, low manufacturing efficiency and high equipment cost are undoubtedly the Achilles' heel
of femtosecond laser manufacturing [24].

Nanosecond pulsed lasers can greatly improve the manufacturing efficiency of microstructures, such as nanosecond
laser direct ablation and laser shock imprinting with molds. For instance, Ding et al. [25] used a high-energy nanosecond
pulsed laser to directly ablate metal surfaces immersed in water, and achieved the fabrication of cross-scale hydrophobic
metal surfaces with the help of chlorosilane low-surface-energy reagents. Trdan et al. [26] studied the tribological
properties of aluminum alloy manufactured by laser shock without coating, and found that the microstructure
morphology of the surface induced by pulse laser has a positive impact on the friction and wear properties of the material.
Wang et al. [27] studied the tribological properties of NiTi alloy produced by laser shock without coating, and found that
the remelting layer produced by laser ablation improved the wear resistance of the material. Kaufman et al. [28] found
that compared with laser shock with coating, the intergranular corrosion rate of samples manufactured by laser shock
without coating was significantly reduced. However, the morphology transition of direct ablation by nanosecond lasers in
the traditional sense depends on the spot size. Large area laser direct ablation would increase the brittleness of the
material and affect the mechanical properties. Laser shock imprinting with a mold is another way to increase
manufacturing efficiency. Li et al. [29] used a micro-mold with a rough concave texture to process a multi-scale surface
microstructure under the action of a laser shock wave, thereby realizing the control of the wettability of the material
surface. However, the samples manufactured by the above process method have a single surface morphology, which
cannot realize the collection of many functional characteristics. The manufacturing cost of the mold, the reduction of the
peak energy of the pressure wave after passing through the mold, and the inability to face complex curved structures are
another issue that needs to be considered.

Machining the surface into a heterogeneous structure was expected to achieve excellent mechanical properties. By
using optical mask or spatial light modulator, the laser beam could be separated and the shock pressure on the material
surface could be heterogeneous. Lechthaler et al. [30] used a device combining imaging and two-beam interference to
perform beam shaping of nanosecond lasers, thereby obtaining a spot with a uniform energy density distribution. Dai et
al. [31] used optical mask laser shock processing technology to fabricate micro-dimple arrays on the surface of LY?2
aluminum alloy. Ye et al. [32] used laser shock assisted direct imprinting method to produce patterned micro-indentations
on the surface of NiTi shape memory alloy. However, the process used a carbon layer as a sacrificial layer, so no visible
microstructure could be created on the surface of the material. When BK7 glass was taken as the confinement layer, there
was a blind area of confinement, that was, plastic deformation occurred only in the direction of the thickness of the metal
mesh, and the surface of the material not covered by the metal mesh was still not enhanced. The morphology of the metal
surface produced by the existing process is mostly concentrated in a single scale, and there is an unstrengthened area,
which belongs to selective laser shock strengthening, and the unstrengthened area becomes a high-risk area of failure. In
addition, the existing work do not systematically explain or even ignore the improvement mechanism of the mechanical
properties of the microstructure. Therefore, how to design a multistage enhanced and highly reliable functional
microstructure has become a key problem that needs to be solved urgently.

This paper aims to solve the problem that the inability of existing processes to fabricate metal surfaces that combine
functionality and excellent mechanical properties at large scale. Multistage laser shock peening (MLSP) method was
proposed to fabricate a cross-scale functional surface structure with excellent mechanical properties on the metal surface.
The mechanical properties and functional properties of MLSP, all laser shock peening (ALSP) and no laser shock
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peening (NLSP) samples were discussed and analyzed. In addition, the enhanced mechanism of their mechanical
properties and the origin of the functional properties of the MLSP samples were also revealed.

2. Materials and methods
2.1. Materials

The 7075 aluminum alloy was selected for MLSP process. The thickness of the aluminum alloy plate was 200 um.
The main element composition of the aluminum alloy plate is shown in Table 1. Before laser shock, the samples were
annealed in a tube furnace. The annealing atmosphere was vacuum environment, the annealing temperature was 370 °C,
and annealing time was 2 h. As shown in Fig.S1, the 316 stainless steel metallic mesh of three different sizes were used
as assistant structure of the MLSP, acting as optical masks and momentum transmission layers. The main element
composition of the thin metallic mesh is shown in Table 2. The mesh size of the thin metallic mesh (a*b) and the
thickness (d) of the thin metal mesh are shown in Table 3.

Table. 1 Main element composition of the 7075 aluminum alloy

Element Si Fe Cu Bi Mg Ni Cr Zn Ti Al

Content (wt%) 0.31 0.35 1.66 0.20 2.61 - 023 560 0.10 Bal

Table. 2 Main element composition of the thin metallic mesh

Element C Mn P S Si Cr Ni Mo N Al

Content (wt%) 0.03 2 0.03 0.02 0.75 1675 1325 245 0.6 Bal

Table. 3 Geometric parameters of the thin metallic mesh

Serial number axb (um?) d (um)
Case 1 100100 50
Case 2 150225 70
Case 3 250>425 80

2.2. Processing setup

Fig. 1 shows the schematic diagram of MLSP process. Nanosecond pulse laser with adjustable pulse energy was
used to execute MLSP process. The process parameters of MLSP are shown in Table 4. As shown in Fig. 1 (a), the
aluminum alloy with the thin metallic mesh on the surface was placed in the center of the liquid pool. The pulsed laser
was vertically injected into deionized water through a mirror and a focusing lens. Part of the laser beam directly acted on
the surface of the target material through the thin metallic mesh. Another part of the laser beam acted on the surface of
the metallic mesh. The air blowing device was used to change the path of the splashed droplets to prevent contamination
of the lens group and influence the beam quality. The three-axis mobile platform drove the movement of the samples.
High speed camera was used to capture the real-time picture of MLSP process. Fig. 1 (b) shows the concept of
multistage laser shock. Plasma would be generated when pulsed laser interacted with metal mesh and sample. As a
confinement layer, deionized water could completely fill the surface of metallic mesh and sample, and there was no
obvious confinement blind area. Therefore, shock waves would be generated on the surface of the metallic mesh and the
sample. The shock wave generated by the direct interaction between the laser and the material was the first stage shock
wave. The shock wave transmitted to the sample surface through the metallic mesh was the second stage shock wave.
MLSP could induce the surface structure shown in Fig. 1 (c), which would be described in detail in Section 3.1. As
shown in Fig. 1 (d), the real-time image of MLSP process would be described in detail in Section 4.1.
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Fig. 1. Schematic diagram of the process of MLSP: (a) device schematic, (b) concept of multistage laser shock, (b)
MLSP induced microstructure, (d) real time image of MLSP process.

Table. 4 Process parameters of the MLSP

Process parameters value
Laser wavelength 1064 nm
Laser pulse width 7ns

Spot size 1.5mm

Laser pulse frequency 6 Hz

Single pulse energy 1]

Overlap rate of the laser spot 50%
Confinement layer Deionized water
Confinement layer 5mm

2.3. Characterisation methods

The optical microscope (BX53M, Olympus Inc., Japan) was used to observe the macroscopic appearance of the
metallic mesh. The white light interferometric 3D profiler (NewViewTM 9000, ZYGO Inc., USA) was used to measure
the surface topography and roughness. The field emission scanning electron microscope (MIRA 3, TESCAN Brno,s.r.o.
Inc., Czech Republic) with energy dispersive spectrometer (EDS) (Aztec Energy, Oxford Instruments Nanoanalysis Inc.,
UK) was used to observe the microscopic morphology and element content of the sample. The high-speed camera
(Phantom, V1612, USA) matched with a miniature zoom lens (Navitar 12-X) was used to film the MLSP and NLSP
processes. The nanoindenter (T1 950 Tribolndenter™, Bruker Inc., USA) was used to test the hardness distribution of the
sample. The pressure load was 10 mN, and the holding time was 2 s. The universal testing machine (5956, Instron Inc.,
USA) was used to test the tensile properties of the sample. The tensile tests were carried out three times at room
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temperature at the tensile rate of 2 mm/min for each process. The size parameters of the tensile sample were as follows:
the parallel length was 34.6 mm, the width was 6 mm, the radius of the transition fillet was 20 mm, and the thickness
was 0.2 mm (The detailed size and laser scanning path of the tensile sample are shown in Fig. S2). The X-ray
diffractometer (XRD) (X’ Pert PRO, Almelo, Netherlands) was was used to perform phase analysis and assess residual
stress trends. The goniometry instrument (JCY-4, Fangrui Inc., China) was used to measure the contact angle of the
sample at room temperature (25+ 2 °C) with a 4 L distilled water droplet. A multi-channel electrochemical workstation
(Ivium-n-Stat, Ivium technologies BV Inc., Netherlands) was used to carry out the electrochemical corrosion
experiments. The corrosion solution was 3.5wt% sodium chloride solution, and the reference electrode was AgCI. The
scanning rate of the polarization curve experiment was 10 mV/s, and the scanning range was -2~2 V. With the aid of
friction and universal tribometer (MFT-5000, Rtec Instruments, Inc., USA), and using 440C steel dual balls with a
diameter of 6.350 mm, lubrication friction experiments at room temperature were carried out. Shell Helix HX3 15X-40
lubricating oil was used as the lubricating medium.

2.4. Numerical simulation

The finite element model of uniaxial tension of samples with different structure was established based on the ductile
damage model. The simulation results of uniaxial tension provided theoretical support for the tensile property gain
mechanism of MLSP samples. In addition, numerical models of MLSP and ALSP processes were established based on
the Johnson-cook model to obtain the residual stress distribution on the surface of samples with different mesh sizes and
without mesh. The calculation results of residual stress could provide theoretical support for the improvement of
mechanical strength of materials. Finite element calculations were performed on a workstation with
i7-10700CPU@2.90GHz processor and 32GB (RAM) running memory (More modeling details can be found in Section
8-9 of Supplementary Materials).

3. Results
3.1. Surface topography

The surface morphology had a strong relationship with the functional properties of materials (such as
hydrophobicity, corrosion resistance, wear and friction resistance, etc.) [33—-35] Here, the surface morphology of samples
manufactured under different processes was discussed, and the correlation between process parameters and surface
morphology was established.

Fig. 2 shows the morphology of samples produced by different processes. Observing and comparing Fig. 2 (a)-(e)
(the laser scanning path was shown by the blue arrow), the surface roughness (Sa) of samples produced by different
processes was different. Compared with the NLSP sample, laser shock could significantly improve the roughness of the
material surface. With the increase of the mesh size of the metallic mesh, the surface roughness of the sample increased
gradually. The 2D profile of the sample could further reflect the change in the roughness and depth of structure of the
sample as shown in Fig. 2 (f). MLSP could induce fluctuations of about 3 um-7 wm on the material surface. In addition,
the rising mesh size of the metallic mesh increased the deformation amount of the material surface, which undoubtedly
became another significant factor for the improvement of the roughness of the sample. MLSP produced a series of micro
pits with array distribution on the sample surface. The micro-pits was non-uniform and its bottom was tapered, which
could be attributed to the gradual decrease of the peak energy of the shock wave during the transfer process. Observing
Fig. 2 (g)-(i), abundant microstructures were distributed in the micro-pits with array distribution, and these structures
were spherical, grooved and microporous. The micro-pits made by MLSP could effectively protect the microstructure in
the pits. The MLSP process could effectively control the functionality of the sample surface by adjusting the geometric
size of the micro-pits. The relationship between the surface morphology of metals and their functional properties would
be highlighted in Section 3.3.
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Fig. 2. Morphology of samples produced by different processes: (a) 3D profile/MLSP/casel, (b) 3D profile/MLSP/case2,
(c) 3D profile/MLSP/case3, (d) 3D profile/ALSP, (e) 3D profile/NLSP, (f) 2D profile of the dashed cross-sections in
(@)-(e), (g) SEM image/MLSP/case2, (h) partial enlarged view of (g), (i) partial enlarged view of (h).

3.2. Mechanical properties

The mechanical properties of surface structure were the key factors affecting its service life. In this section, the
mechanical properties of samples manufactured by different processes were evaluated by nanoindentation tests and
tensile tests. The relationship between processing conditions and mechanical properties of samples was established.

Fig. 3 (a) shows the hardness distribution in the thickness direction of samples manufactured by different processes.
The laser shock caused a gradient distribution of hardness in the vertical direction of the material. In contrast,
MSLP/case3 samples and ALSP samples had similar hardness distributions at the same thickness. As the size of the
metal mesh decreases, the hardness of the sample decreased at the same thickness. Fig. 3 (b) shows the hardness
distribution in the horizontal direction of the MLSP sample. The hardness of the substrate directly interacting with the
pulse laser was higher than that of the substrate covered by the metallic mesh. The hardness of the material area with and
without metal mesh showed a gradient change. As the mesh size increases, the hardness of the material covered by the
metallic mesh, and the hardness of the material directly interacting with the laser increased gradually. The
displacement-load curves in the nanoindentation test were shown in Fig. S3. MLSP could obtain a mutistage
heterogeneous structure with gradient changes of hardness in the horizontal and vertical direction of the material, which
was different from the single gradient structure produced by traditional laser shock process [36,37]. Fig. 3 (c) shows the
tensile properties of samples under different processes. The NLSP samples had low yield strength (~21 Mpa) but high
ductility (~26 %). Compared with the NLSP samples, the yield strength of the ALSP samples was increased to ~89 MPa,
but the ductility was greatly reduced to ~9 %. The strength and ductility of the MLSP samples were between those of
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NLSP and ALSP. With the increase of the mesh size of the metallic mesh, the yield strength of the sample increased from
66 MPa of casel to 77 MPa of case3, the ductility of the sample decreased from ~25% of casel to ~21 % to case3. The
detailed stress-strain curve is shown in Fig. S4. The fracture morphology of the tensile sample could laterally reflect the
strength and ductility of the material. Observing and comparing Fig. 3 (d)-(h), the ALSP samples showed typical
intergranular brittle fracture morphology. The tensile fracture of the NLSP sample was composed of many
honeycomb-like tiny pits. These craters were actually grown hollow cores. The dimples were staggered and stacked
together to form a dimple group, showing a typical high-energy absorption ductile fracture morphology. The size and
number of dimples were closely related to the ductility of the material. With the increase of the mesh size of the metallic
mesh, the size and number of the dimples in the tensile fracture of the samples fabricated by the MLSP process decreased
to varying degrees, which was undoubtedly consistent with the tensile test results. The flattening of the tensile fracture
was attributed to the residual compressive stress induced by the laser shock (Fig. 3 (i)).
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Fig. 3. Hardness and tensile properties of samples manufactured by different processes (test point is located on the cross
section of the sample): (a) hardness distribution in vertical direction, (b) hardness distribution in horizontal direction, (c)
yield strength and uniform elongation, (d) tensile fracture morphology/ALSP, (e) tensile fracture morphology/NLSP, (f)
tensile fracture morphology/casel, (g) tensile fracture morphology/case2, (h) tensile fracture morphology/case3, (i)
schematic diagram of the flat tensile fracture morphology.

3.3. Functional properties

In this section, the surface wettability, corrosion behavior and tribological behavior of samples manufactured by
different processes were discussed. The relationship between machining conditions and surface functionality was
established.
3.3.1. Hydrophobic properties

Surface morphology and surface energy were two crucial factors that affect the wettability of materials [38,39]. The
surface morphology of samples was fabricated by laser shock processing. After laser shock, the samples were cleaned
with the aid of acetone and an ultrasonic cleaner. Samples produced by different processes were immersed in an ethanol
solution containing 1.5% volume percent of chlorosilane reagent [CF3(CF2)5(CH2)2SiCI3] for 4 h 30 min at room
temperature. Then the samples were dried by means of a vacuum oven with the temperature of 80 °C and the holding
time of 1 h. With the aid of chemical reagents, the low surface energy state of the sample surface was realized. Fig. 4
shows the contact angle of samples under different processes. After coating with low surface energy reagents, all samples
showed a hydrophobic state. The contact angle of the MLSP sample was the largest, followed by the ALSP sample, and
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Fig. 4. Hydrophobic properties of samples under different processes: (a) value of static contact angle, (b) real time image
of wettability.

3.3.2. Electrochemical behavior

The electrochemical behavior of samples manufactured by different processes in the corrosive environment was
tested through electrochemical experiments (Fig. 5 (a)). Fig. 5 (b) shows the polarization curves of samples. The
polarization curves decreased in the range of 1.5~2.0 V, which was attributed to the different degrees of passivation of
the aluminum alloy samples. According to the polarization curve, the self-corrosion potential (Fig. 5 (c)) and the
self-corrosion current density (Fig. 5 (d)) of the samples produced under different processes were calculated by Tafel
extrapolation. Laser shock could make the self-corrosion voltage of the material shift forward. When the self-corrosion
voltage was shifted positively, the corrosion resistance of the material became better, but the self-corrosion voltage could
only characterize the tendency of the material to corrode. The corrosion current density was proportional to the corrosion
rate of the target material, which could more truly characterize the corrosion resistance of the material. The corrosion
current density of the NLSP sample was the largest, followed by the MLSP sample, and the ALSP sample was the
smallest. With the increase of the mesh size of the metal mesh, the area directly irradiated by the laser beam increased,
and the self etching current density of the sample decreased. Fig. 5 (e)-(i) shows the optical images of corrosion
morphology (the laser scanning path was shown by the white arrow). For the NLSP sample, after the corrosion treatment,
a large area of corrosion morphology was produced. The corrosion morphology was only observed in the non-laser shock
area of the MLSP sample, and the corrosion area decreased with the increase of the mesh size. No obvious corrosion
morphology was observed for the ALSP sample. The optical images of corrosion morphology were consistent with the
results of Tafel extrapolation.
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Fig. 5. Electrochemical behavior of samples produced by different processes: (a) electrochemical corrosion experimental
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morphology/NLSP, (f) corrosion morphology/casel, (g) corrosion morphology/case2, (h) corrosion morphology/case3, (i)
corrosion morphology/ALSP.

3.3.3. Tribological properties

The tribological properties of the samples manufactured by different processes were tested through friction and
wear experiments (Fig. 6 (a)). Fig. 6 (b) shows the friction coefficient of samples. The friction coefficient of the sample
had experienced the change process of disorder (0-2.5 s), asymptotic order (~2.5-32.5 s), and order (~32.5-60 s), which
undoubtedly corresponded to the process of friction experiment from disorder to gradual order. The friction coefficient of
the NLSP sample was the highest, followed by the MLSP sample, and the ALSP sample was the smallest (Fig. 6 (c)). By
analyzing the wear morphology of the samples (Fig. 6 (d)-(i)), the tribological properties of the samples could be more
directly reflected.Compared with Fig. 2 (f), the wear depth of the samples from deep to shallow were NSLP, MLSP and
ALSP. For the MLSP sample, with the increase of the mesh size of the metallic mesh, the depth of the wear scar of the
sample decreased.
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Fig. 6. Tribological properties of samples produced by different processes: (a) friction and wear experimental device
diagram, (b) friction coefficient curve, (c) average friction coefficient, (d) 3D profile of wear/NLSP, (e) 3D profile of
wear/MLSP/casel, (f) 3D profile of wear/case2, (g) 3D profile of wear/case3, (h) 3D profile of wear/ALSP, (i) 2D profile
of wear.

4. Discussions
4.1. Evolution of laser-induced plasma shock waves

Understanding the generation mechanism and propagation process of pressure waves in MLSP process was the
premise to analyze the surface topography generation and material mechanical properties response. Here, the generation
process of pressure wave in MLSP process was described in detail.

Fig. 7 shows the high-speed images of MLSP. The physical phenomenon of MLSP was similar to that of the
conventional LSP (Fig. S5). The online monitoring equipment observed that MLSP was accompanied by a series of
typical physical phenomena, including the generation-expansion-escape of plasma, the generation-annihilation of reverse
jets, microbubbles, and microjets, etc [40-42]. The pulsed laser penetrated the confinement layer material and directly
interacted with the surface of aluminum alloy and metallic mesh, inducing a dazzling high-temperature plasma (Fig. 7
(b)-(c)). At the interface between the confinement layer and the substrate, the plasma induced a bowl-shaped pressure
shock wave. Microbubbles and stress wave ripples were observed on the surface of the substrate (Fig. 7 (d)-(f)). During
the time period of t=0-230.76 us, the volume of the pressure wave interacting with the substrate gradually increased and
gradually expanded to the surface of the confinement layer. At the same time, the microbubbles spread from the surface
of the substrate to the surface of the constraining layer. During the time period of t=230.76-538.44 s, as the pressure



287  wave expanded to the surface of the confinement layer, the volume of the pressure wave interacting with the substrate
288  gradually decreased. At the same time, the laser-induced bubbles also undergone an initiation-expansion-annihilation
289  process. Compared with the bubbles far from the substrate, the size of the bubbles close to the substrate was larger,
290  which was because the bubbles continue to split and expand from bottom to top. As the pressure wave spreads, many fine
291  bubble groups remained and oscillated on the surface of the substrate (Fig. 7 (i)-(0)).

Plasma expansion

-
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292
293  Fig. 7. High-speed camera images of MLSP (the type of metallic mesh is case2): (a) -153.84 s, (b) -76.92 s, (¢) 0 ps,
294 (d) 76.92 ps, (€)153.84 s, (f) 230.76 us, (g) 384.6 ps, (h) 538.44 s, (i) 692.28 ps, (j) 846.12 us, (k) 999.96 us, (1)
295  1307.64 ps, (m) 1538.4 ps, (n) 2692.2 ps, (0) 4307.52 ps.

296  4.2. Enhancement mechanisms of mechanical properties of MLSP samples

297 Here, the strengthening mechanism of the mechanical properties of the structure was described in detail from the
298  perspective of the microstructure and macro mechanics of the materials. The numerical model based on the finite
299  element method was used to provide theoretical support.

300 Fig. 8 shows the schematic diagram of the enhancement mechanism. When pulsed laser irradiated the surface of
301  aluminum alloy and metal mesh, high temperature plasma and GPa level shock wave would be induced [43]. The surface
302  material was rapidly melted and solidified, which produced a recast layer with rich microstructures on the aluminum
303  alloy surface without metal mesh (Fig. 2 (h)-Fig. 2 (i)). Due to the confinement of deionized water, shock wave
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expansion was blocked. The shock waves traveled along the thickness of the material. When the shock wave pressure
exceeded the dynamic yield limit of the material, the material would produce permanent plastic deformation. Fabbro
formula [44] was used to calculate the peak pressure of shock wave, as shown in Equation 1:

-0.01 1
=0.0 ,/2a+3ﬁ\m (1)

Where Pmax Was the peak pressure of the shock wave induced by the pulse laser, and a was the interaction efficiency
between the laser and the metal target. Z was the resultant acoustic impedance, as shown in Equation 2:

2 1,1 :
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where Zmat Was the shock acoustic impedance of the material, and Z¢n was the impact acoustic impedance of the
confinement layer material. lo was the power density of the incident laser, as shown in Equation 3:

1, =2 ©

zd‘r

where E was the single pulse energy of the laser, d was the diameter of the laser spot, and r was the pulse width of the
laser. Through calculation, the peak pressure of MLSP process shock wave can reach 3 GPa ((More modeling details can
be found in Section 8 of Supplementary Materials), which was far beyond the dynamic yield limit of the material (Fig.
3 (c)), so it could produce obvious plastic deformation. Dislocation was the main carrier of plastic deformation of
materials. The interaction between the shock wave and the material would generate a large number of defects such as
dislocation lines, dislocation entanglements and dislocation cells inside the material, and then induce the generation of
subgrains [45,46]. The first stage shock wave generated on the aluminum alloy surface and the second stage shock wave
transmitted to the aluminum alloy surface through the metal mesh had different peak energy, which was attributed to the
continuous attenuation of the shock energy when transmitted in the thin metal mesh. Similarly, shock waves were also
attenuated when they were transmitted inside aluminum alloys. The plastic deformation and grain refinement of different
parts of the material were not the same with different shock energy. Under the influence of shock waves, more ultrafine
grains (UFGs) were generated in the hard phase area without metal mesh coverage, and more fine grains (FGs) were
distributed in the sub-hard phase area with metal mesh coverage. The soft phase area not affected by the shock wave
retains the original coarse grains (CGs). According to the Hall-Page theory, within a certain grain size range, as the grain
size of the material decreased, the microhardness tends to increase [47]. Therefore, the hardness of MLSP samples
presented multi-level gradient distribution in the vertical and horizontal directions.

Pulse Iaser beam Hard phase area Sub- hard area
Microstructure :
(Recast layer) s e

"i* T e *’m-‘; > X ‘—\\O‘v“’ ““’m
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Fig. 8. Schematic diagram of the enhancement mechanism.
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Heterogeneous gradient structure was expected to achieve better tensile properties [48,49]. Compared with the
single gradient structure generated by the traditional laser shock process, the multi-stage gradient structure induced by
MLSP had higher feasibility in improving the tensile properties of materials. In the tensile test, there was a large plastic
strain gradient in the hard phase, sub-hard phase and soft phase of MLSP samples and at their junctions. This strain
gradient needed to be accommodated by geometrically necessary dislocations (GNDs) .Back stress from geometrically
necessary dislocations was used to generate work hardening, preventing premature necking and significantly improving
material strength with little sacrifice of material ductility [50]. The distribution of the soft and hard phases of the material
was closely related to the tensile properties of the material. Additional uniform tensile stress perpendicular to the tensile
direction could be introduced by adding the hard phase structure with alternating regular distribution to the soft phase
substrate, which could also effectively avoid early necking and obtain better ductility, which could be shown by the finite
element simulation results. As shown in Fig. 9 (t was the tensile fracture time of the sample), the numerical models of all
soft phase, alternating soft and hard phases, and all hard phase was established. The ductility of the all soft phase, sample
was the largest, followed by the alternating soft and hard phases sample, and the all hard phase sample was the smallest,
which was undoubtedly consistent with the ductility change trend of the samples obtained from the real tensile test.
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Engineering stress(MPa)

Fig. 9. Tensile simulation results of materials with different structures: (a) all hard phase, (b) alternating soft and hard
phases, (c) alternating soft phases, (d) stress-strain curves.

The hardness was related to residual stress [51,52]. In general, residual compressive stress increased hardness. The
XRD data could reflect the residual stress state of the sample. Fig. 10 shows the XRD diffraction patterns of samples
produced by different processes. By amplifying the diffraction peak corresponding to the (111) crystal plane locally, it
was found that the drift and full width at half maximum (FWHM) of diffraction peak corresponding to the samples
produced by different processes were different. Compared with the NLSP sample, the diffraction peaks of the ALSP
sample and the MLSP sample were shifted to higher angles. The ALSP sample had the largest offset and the largest
FWHM, and the MLSP sample had the second largest in the offset and FWHM. For the MLSP sample, with the increase
of the mesh size of the metal mesh, the shift of the diffraction peaks increased, and the FWHM increased. The
microscopic residual stress of the material was the main reason for the drift and broadening of the diffraction peaks. The
residual compressive stress generated by laser shock would make the interplanar spacing of the material smaller, the
diffraction peak would shift to a high angle, and the FWHM would increase [53].
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Fig. 10. XRD diffraction patterns of samples produced by different processes: (a) overall picture, (b) partial enlarged
view of the (111) crystal plane.

The numerical simulation could predict the effect of structure size on residual stress from macroscopic scale. Fig.
11 (a)-(h) shows the residual stress and deformation of samples produced by different processes (positive values
represented residual tensile stress and negative values represented residual compressive stress). For MLSP samples, the
stress distribution state of the substrate area directly irradiated by the pulse laser beam through the metallic mesh was
obvious residual compressive stress. Compared with other areas of the substrate, the area of the substrate directly
irradiated by the pulse laser beam through the metallic mesh had a higher deformation amount. For ALSP samples, there
were relatively uniform residual compressive stress and deformation on the surface of the sample. The stress and
deformation curves of the monitoring path could provided more intuitive data for analyzing the stress and deformation of
samples. Fig. 11 (i)-(j) shows the stress-deformation distribution of monitoring paths in samples (the monitoring path is
the dotted line). With the increase of the size of the mesh, the peak residual compressive stress and the peak deformation
amount of the substrate gradually increased. The peak residual compressive stress and deformation of the ALSP and
MSLP samples were similar, which was well consistent with the hardness distribution of the sample in Fig. 3 ().
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Fig. 11. Residual stress and deformation of samples produced by different processes: (a) MLSP/casel/stress, (b)
MLSP/case2/stress, (¢) MLSP/case3/stress, (d) ALSP/stress, (€) MLSP/casel/deformation, (f) MLSP/case2/deformation,
(9) MLSP/case3/deformation, (h) ALSP/deformation, (i) residual stress of monitoring path, (j) deformation of
monitoring path.
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4.3. Mechanisms for the functional properties of MLSP samples

The surface morphology and mechanical properties of the structure were closely related to its functional properties.
Here, we systematically discussed and analyzed the influence of surface structure and mechanical properties on the
functional properties of MLSP samples.
4.3.1. Hydrophobic mechanism of MLSP samples

The microstructure and chemical composition of the material surface were the main factors affecting its wettability.
The high-energy shock wave induced by pulse laser caused plastic deformation on the material surface, and produced
micro-pits with array distribution (Fig. 2 (a)-(c)). At the same time, the interaction between high temperature plasma
induced by pulse laser and materials led to melting and solidification of materials, thus producing rich micro nano
structures (Fig. 2 (g)-(i)). Micro-pits and microstructures in pits formed a cross scale micro nano composite structure.
These cross scale microstructures could spontaneously form hydrophilic chemical groups. When the sample was
immersed in a chemical reagent with low surface energy, the fluoride group with low binding energy would be adsorbed
on the surface of the microstructure, and then a chemical reaction would occur, which would change the wettability of
the material surface and make the material surface hydrophobic. Compared with ALSP sample, the cross scale
microstructure of MLSP sample surface had become a perfect gas storage chamber (Fig. 8), further reducing the contact
area between liquid and solid, and achieving a more excellent Cassie hydrophobic state [54,55].Therefore, MLSP
samples had better hydrophobic properties than ALSP and NLSP samples.

4.3.2. Corrosion resistance mechanism of MLSP samples

The chemical activity of aluminum alloy materials was high, and it was easy to form a dense oxide layer in the
room temperature environment. During the electrochemical corrosion experiments, the dense and uniform oxide layer
blocked the corrosion reaction. Therefore, the oxide layer on the surface was one of the main factors for the excellent
corrosion resistance of the aluminum alloy material, thus forming a recast layer (Fig. 8). The high temperature plasma
induced by the laser would further increase the degree of oxidation of the material. The oxidized area of the substrate
directly interacting with the laser beam was larger than that of the metal mesh-covered substrate (Fig. S6). The recast
layer induced by the interaction between high-temperature plasma and materials was a uniform solid solution with no 3
phase precipitation along the grain boundary, which greatly reduced the galvanic coupling effect and thus the early
pitting corrosion caused by the electrolyte [28]. In addition, laser shock would increase the dislocation density inside the
aluminum alloy material, bred more fine subgrains, and finally achieved grain refinement, which was conducive to
cultivating a dense and uniform oxide layer inside [56]. The residual compressive stress induced by laser shock (Fig. 11)
played a positive role in effectively inhibiting the electrochemical activity of metal atoms. Laser shock increased the
roughness of the material surface, which provided a larger oxidized connection area and effectively promotes the growth
of the oxide film. Under the action of comprehensive factors, the corrosion resistance of the MLSP sample was
improved.

4.3.3. Wear resistance mechanism of MLSP samples

The surface structure and mechanical strength of materials were closely related to their tribological properties
[57-59]. Observing and comparing Fig. 12 (a)-(e), the wear scar of the NLSP sample was wider, followed by the MLSP
sample, and the ALSP sample was the narrowest. The wear morphology of the NLSP samples was accompanied by deep
furrows and some small spalling pits, which were attributed to the mechanical wear effect of hard abrasive chips on the
surface of the original samples. Therefore, the wear of the NLSP samples belonged to the composite wear mechanism of
abrasive wear and fatigue wear. The wear morphology of the MLSP samples was also accompanied by the wear
morphology of the furrows. However, it was worth noting that the furrows of the MLSP samples were significantly
shallower than those of the NLSP samples. In addition, the wear morphologies of the MLSP samples were also
accompanied by fine cracks generated after the friction debris filled the micro-dimples. The EDS energy spectrum test
results showed that there was also obvious oxidation phenomenon in the wear process (Fig. S7). Therefore, the wear
mechanism of the MLSP samples belonged to the composite wear mechanism of abrasive wear mainly and oxidative
wear as the auxiliary. Only furrow morphology was observed in the wear morphology of the ALSP sample. The EDS
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energy spectrum test results also confirmed the existence of oxidation phenomenon (Fig. S7). Therefore, the wear
mechanism of the ALSP sample was also a composite wear mechanism with abrasive wear as the main component and
oxidative wear as the auxiliary.

The NLSP sample had not been strengthened, so its surface mechanical strength was low, and it was easy to wear
out. The friction debris produced by the wear process had a serious mechanical effect on the surface of the sample,
resulting in deep furrows and fatigue spalling pits (Fig. 12 (f)). For the ALSP sample, the surface of the sample was
strengthened, so the surface hardness and the fatigue performance was improved. The surface of MLSP sample was also
strengthened. In addition, many micro-pits had been formed on the surface of MLSP samples. The micro-pits on the
surface played the role of enhancing the oil storage capacity on the surface of the friction pair to achieve secondary
lubrication. The micro-pits could play the function of accommodating wear debris, thereby further reducing the friction
coefficient between the contact surfaces of the friction pair and improving the stability of the friction coefficient (Fig. 12
() [60,61]. However, the mechanical strength of the material surface was still dominant. Despite the MLSP sample was
the result of multistage strengthening, and the strengthening effect of the sample under the metallic mesh was still
weaker than that of the area directly under the laser beam. Therefore, the tribological properties of the MLSP sample
under the current experimental parameters were weaker than that of the ALSP sample.

Fig. 12. Wear topography of samples produced by different processes: (a) NLSP, (b) MLSP/casel, (c) MLSP/case2, (d)
MLSP/case3, (e) ALSP, (f) schematic diagram of the wear mechanism of the NLSP and MLSP samples.

4.4. Comparison of surface structural properties of different samples

Fig. 13 shows the six dimensional capability radar chart of samples produced by different processes. Here, strength
and ductility were used to evaluate the tensile properties of the samples, hardness was used to evaluate the mechanical
strength of the samples, contact angle was used to evaluate the hydrophobicity of the samples, corrosion current density
was used to evaluate the corrosion tendency of the samples, and friction coefficient was used to evaluate the tribological
properties of the samples.

For MLSP samples, high ductility was the highlight of MLSP/casel samples, structural properties of MLSP/case2
samples were relatively balanced, and high tensile strength and mechanical strength were the highlights of MLSP/case3
samples. High tensile strength and mechanical strength were the highlights of ALSP samples, but the samples had
obvious low ductility short plates. On the whole, MLSP had more balanced mechanical and functional properties than
NLSP and ALSP samples. In the engineering field, different MLSP treatment processes could be selected according to
different application environments. In the future, the surface morphology and mechanical properties of materials could
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be further controlled by adjusting the size parameters of metal mesh and laser processing parameters. In addition, in view
of the low cost and high ductility of thin metallic mesh, it could be laid on the surface of complex curved structure in a
large area. MLSP process could produce functional structures with excellent mechanical strength on the surface of key
components in a cheap and efficient way, which was expected to be widely used in aerospace, ocean engineering,
locomotive manufacturing and other fields.

CA .
Fc
cco cco
B S —— Strength B CA — Contact angle B FC —  Friction coefficient
m CCD — Corrosion current density M H—— Hardness mD Ductility

Fig. 13. Six dimensional capability radar chart of samples produced by different processes.

5. Conclusions

The functional surface produced by the conventional process was difficult to overcome the functional-mechanical
properties trade-off. In this paper, a strategy called multistage laser shock peening was proposed to one-time fabricate
functional microstructure with excellent mechanical properties. The micro morphology, mechanical properties and
functional properties of MLSP, NLSP and ALSP samples were systematically analyzed and discussed. The conclusions
of this study are as follows:

1) The multistage shock wave induced by pulsed laser produced a multistage heterogeneous gradient structure on
the sample surface. The hardness of MLSP samples showed gradient distribution in the horizontal and vertical directions,
and the peak hardness increased by 0.55 GPa. Compared with the single gradient structure manufactured by traditional
laser shock technology, the multistage gradient structure had more obvious plastic strain gradient, and the work
hardening performance of back stress induced by geometric necessary dislocation was more obvious. In addition, the
introduction of alternating regularly distributed hard phase regions in the soft phase substrate increased the tensile stress
perpendicular to the tensile direction, which could avoid early necking and achieve better cooperative plastic
deformation. The yield strength of MLSP samples increased by 214% from 21 MPa to 66 MPa, while the ductility
decreased by only 1%.

2) The micro-pits distributed in array on the surface of MLSP sample and the microstructures in the pits constitute
the cross-scale composite structure. After the low surface energy treatment, these structures became gas storage
chambers, effectively reducing the liquid-solid contact area, resulting in a Cassie hydrophobic surface with a peak
contact angle of about 153<The oxidized recast layer produced by the direct interaction of high temperature plasma
induced by pulsed laser with the sample was a uniform solid solution, which greatly reduced the galvanic coupling effect.
The residual compressive stress and the refined grain caused by laser shock had positive effects on the electrochemical
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activity of metal atoms. The surface of the enhanced MLSP sample showed good tribological properties. The array
distributed pit structure could store hard wear debris and lubricants, thus reducing the friction of hard wear debris on the
surface. The stored lubricants could also realize secondary lubrication, effectively reducing the friction coefficient.

3) MLSP samples had more balanced mechanical and functional properties than traditional ALSP samples. Different
MLSP process strategies could be selected according to the different service environments of the structure to meet the
different engineering requirements. By changing the manufacturing method of auxiliary metallic mesh (such as woven
mesh, stretched mesh, etc.) and the structural size of metallic mesh (mesh size, mesh shape, etc.), or changing laser
process parameters, it was expected to achieve effective adjustment of surface structure and structural properties. The
metallic mesh had low cost and good ductility, and could be laid on the surface of curved structure to achieve efficient
manufacturing of large area and high reliability functional surfaces. MLSP strategy was expected to play a key role in
aerospace, ocean engineering, locomotive manufacturing and other fields.
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