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Abstract: The coupling strengthening principle of the double physical effect of plasma shock—cavitation was proposed,
and the rationality of the cavitation effect in pulsed laser shock treatment under liquid—confined conditions needs to be
confirmed urgently. The XRD testing method and 304 stainless steel, which is easy to obtain diffraction peaks, were
selected to quantitatively detect and characterize the residual stress distribution in the action area of a single pulse laser
beam. The test results and literature analysis show that the different process conditions of laser shock processing bring
about different strength matching of the two stress effects of plasma shock and cavitation, and the main source of stress
effect of femtosecond laser shock without coating is the cavitation effect. The actual effects of the laser pulse width and
other process parameters such as the absorption layer and the constraint layer affect or determine the material

modification principle of the pulsed laser surface treatment.
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1 Introduction

When the metal surface is coated with a
specific coating, the pulsed laser can produce a
super-strong instantaneous shock wave on the
surface. Researchers [1,2] have gradually applied
the stress effects of a pulsed laser to the field of
material strengthening or forming, and laser shock
processing (LSP), as an effective surface-
strengthening technology, was newly developed. By
using laser-induced shock waves, large and deep
residual compressive stress, and structural changes
are formed on the metal surface, which can
significantly improve the service performance
of metal materials, enhancing fatigue resistance,

stress corrosion resistance,
resistance.

In LSP, to reduce the cost of equipment, a
circular spot laser is often used. However, the
appearance of a residual stress hole phenomenon
renders the nearly perfect LSP defective. After the
circular laser beam interacts with the material
surface, the residual compressive stress distribution
appears in most areas irradiated by the laser beam.
Nonetheless, the central area of the laser beam
exhibits residual tensile stress individually.

Simply speaking, the phenomenon of residual
stress holes is that after the laser-induced plasma
shock wave loading disappears, sparse waves
propagate to the center due to the boundary effect
of the shocking zone, resulting in reverse plastic

and fretting wear
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deformation and reverse loading in the center
area [3]. This phenomenon is prominent in the
numerical simulations of LSP, but the residual
stress hole in most published experimental results is
not obvious. LU et al [4,5] compared and analyzed
the experimental tests and simulations of residual
stress distribution induced by single-spot laser
shocking involved in a large number of relevant
literature reports. By enumerating the actual test
process conditions that cannot be included in the
numerical simulation, LU et al [4] derived the
scientific hypothesis that the cavitation detonation
wave in the liquid-confined layer can weaken or
suppress the residual stress hole. Based on the
direct observations in the field of laser spectroscopy
on the cavitation effect in the water environment,
combined with the basis of the previous research,
the researchers [6—8] proposed that it is necessary
to update the physical principle of LSP under the
condition of liquid constraint.

In this study, the physical mechanism of
coupling regulation of plasma shock—cavitation in
pulsed LSP will be further refined. Specifically, the
authors will conduct a more accurate quantitative
test on the residual stress on the material surface
treated by single-beam LSP in the
confinement layer, and indirectly verify the actual
effect of the pulsed laser-induced cavitation effect
from the perspective of the treatment effect.
Importantly, the principle of the strengthening
technology of LSP wunder different process
conditions was discussed, and the classification
principle of LSP was re-determined.

water

2 Methods

The sample selected for the LSP test was the
304 stainless steel block used in Ref. [9]. A single
laser spot impact region was selected as the
research object, and the surface residual stress of
the sample was tested by X-ray diffraction. The
XL-640 ST X-ray stress analyzer was adopted, and
Cr Ky radiation, the {311}-Bragg peak, and stress
constant of —366 MPa were used. Importantly, to
truly reflect the stress distribution trend, the
selected collimator tube had a diameter of 0.5 mm.
The numerical simulation of single-point laser
shock was performed using Abaqus commercial
software, and the specific simulation methods and
related parameters were referenced [10,11].

The process conditions of LSP used in the
actual test and numerical simulation are set to the
same state, that is, the laser energy, pulse width, and
single spot size used in the pulsed LSP treatment were
determined to be 8.5 J, 18 ns and 3 mm, respectively.
In addition, the constraint layer material selected in
LSP was deionized water with a certain thickness, and
the impact load used in the numerical simulation
was calculated by converting the pulsed laser-
induced peak pressure using an empirical formula.

3 Results

The block of 304 stainless steel material was
used as a target to carry out simulation and
experimental research on the LSP. Referring to the
HEL calculation formula and data provided by the
relevant pieces of literature [12,13], the selected test
parameters ensure that the experiment satisfies the
mechanical conditions of the stress hole proposed
by the predecessors.

Figure 1 shows the results of experiment and
simulation. It should be noted that the test residual
stress is smaller than that in the previously
published reference. The test locations selected are
located in the central area of a single spot, and there
is a possibility of a weaker boundary effect
affecting the residual compressive stress at the
center of the spot. Specifically, three spot areas are
randomly selected as the test objects on the shocked
surface of the sample, and the distribution tendency
of the residual stress of the spot center is shown in
Fig. 1(a). The result shows that the areas at the
center of the laser spot have residual compressive
stress, and the residual compressive stress is not
much different at varied positions. In contrast, the
residual compressive stress at the center of the spot
shown in Fig. 1(b) is clearly missing.

In the previous study, LU et al [4] proposed a
hypothesis that the cavitation bubble detonation
wave induced by a pulsed laser can weaken the
residual stress hole on the material surface. The
research results show that, different from the
numerical simulation results, there is no obvious
uneven stress distribution on the material surface
under laser shock in the actual test. This result fits
and corresponds to the scientific conclusion that
there are physical effects other than plasma shock in
the process of laser shock, which makes the residual
stress hole disappear.
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Fig.1 Surface residual stress distribution of impact
region of sample after laser shock treatment: (a) Test
results [9]; (b) Simulation results (R1, R2, and R3
represent the radial paths of the central areas of three
different spots, respectively, and A represents a virtual
radial path formed by averaging the residual stresses of
specific positions of the above three spots)

4 Discussion

The previous research results further illustrate
the rationality and correctness of the cooperative-
regulation principle of the dual-physical effect of
plasma shock—cavitation of pulsed LSP. In essence,
plasma shock and cavitation can be regarded as two
distinct stress effects, or as two stages of the
formation process of pulsed laser shock, and this
recognition will not make a significant difference
for researchers to understand the process of liquid-
confined LSP. To elaborate the surface strengthening
mechanism more clearly and intuitively, the plasma
shock and cavitation were taken as two physical
effects according to conventional cognition.

Based on the strengthening principle of
dual-physical effects, the difference in the surface
strengthening principle of LSP under different
process conditions can be explained more perfectly.
The variables of process condition described here
include but are not limited to pulse laser parameters
and the materials and specifications of the absorption
layer and constraint layer. As mentioned above,
during the LSP treatment, the high-temperature and
high-pressure plasma in the ns stage are formed
based on the material of the absorption layer. In the
current research, the researchers [14] also generally
believe that the plasma during the ns laser shock
without the absorption layer (LSPwC) is formed
based on the burning surface of the material to be
processed. In industrial applications of lasers,
ultrafast lasers with pulse widths of ps or fs have
attracted the attention of researchers. In material
processing based on the stress effect of a pulsed
laser, the most important advantage of the ultrafast
laser is the absence of ablation of the surface of the
material. However, when using ultrafast lasers for
the surface processing of materials, some
researchers [15,16] have proposed laser shock
treatment without an absorption layer ((W)LSPwC).
Then, in the LSP treatment without the coating of
an absorption layer and without material surface
ablation, what forms the impact pressure of the
material surface?

Figure 2 and Table 1 answer the above
question. In Fig.2, the blue and black lines
represent the liquid confining layer and the solid
absorption layer covering the surface of the target,
respectively. The yellow lightning pattern
represents the plasma shock wave, the blue
spherical pattern represents the cavitation bubble,
and the blue radial line represents the distribution
of the stress field inside the material. The size of
the different patterns indicates the degree of
physical effect or the intensity of the stress field.
Among them, it is an ultrafast laser (ps or fs) in
Figs. 2(a)—(d), and it is ns laser in Figs. 2(e)—(h).
The actual physical mechanisms of the “(n)LSPwC”
and the traditional “LSP” technologies are shown in
the dashed box.

Specifically, Fig.2 shows that the solid
absorption layer and the material to be processed
itself make the surface have a material basis for the
occurrence of a plasma shock effect, while the
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presence of a liquid absorption layer determines the
possibility of a cavitation effect. As shown in Fig. 2,
the surface strengthening effect of conventional
ns-LSP techniques should be attributed to the
synergy of the two physical effects of pulsed laser-
induced plasma shock and cavitation, while other
laser shock technologies have very different surface
strengthening principles due to different processing
conditions.  Especially, for the (u)LSPwC
technology, the cavitation effect is its main physical
mechanism. Of course, this will require later

(@) i (b) (c)
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researchers to work on the path of validation. Based
on the analysis of Fig. 2, Table 1 is constructed as a
summary display, which shows the core processing
principles of different laser shock-surface
technologies that have been developed at present.

The above scientific understanding proposed
will provide a theoretical reference for technicians
to more accurately adjust the processing effect of
LSP technology, and also help the germination and
development of more new laser surface processing
technology.
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Fig. 2 Formation mechanisms of shock waves based on pulsed lasers displaying schematic diagram of varied physical

effects under different pulse widths: (a—d) ps, fs laser; (e—h) ns laser

Table 1 Physical mechanisms of LSP treatment (with or without absorbing layer and with or without confining layer)

Pulse Absorbing Confining layer Ablation of  Plasma shock Cavitation Physical Developed
width  layer (water) material surface wave effect principle technology
A+
\ \ \ B(depending  (n)LSP[17,18]
N « oy
on conditions)
ps. £ X N X A(weakening) [19] -
B(depending
x v ) ) v on conditions) (WLSPWC [16]
X * - - A(weakening)* (p)LSPwC* [20]
A+
\ \ \ B(depending LSP
on conditions
v x ditions)
x \ X A(weakening) [21] -
1s B(depending
\ Y \ \ on conditions)+  LSPwC [14]
% A(weakening)

X —

Note: “\” represents “with” or “exist”; “x” represents “without” or “non-exist”; “A” represents the plasma shock wave; “B” represents the
“cavitation” effect; “—” indicates that the current condition is not feasible, or the result is pending validation; “*” represents some of the new
findings that have emerged, and under these conditions, a very small part of the material ablation on the target surface essentially produces a
role equivalent to that of the absorbent layer
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5 Conclusions

(1) The strengthening effect of LSP under
different process conditions depends on the
coordinated regulation of the two physical effects of
plasma shock and cavitation.

(2) Different processing processes obtain
completely different effects of surface strengthening
or modification by changing the occurrence
conditions of the different physical effects.

CRediT authorship contribution statement
Methodology,
Software, Writing — Original draft preparation; Xue-kun

Guo-xin LU: Conceptualization,

LUO: Data curation, Investigation, Writing — Original
draft preparation; Qiang WANG: Visualization,
Investigation; Ji-de LIU: Investigation, Software,
Validation; Zhong JI: Software, Validation; Feng LU:
Validation, Writing — Reviewing and Editing; Xiao-feng
SUN: Validation, Writing — Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

Acknowledgments

This work was supported by the National Natural
Science Foundation of China (Nos. 52171073, 51801031,
51775117), the
Innovation Project,

Foshan Science and Technology
China (No. 2018IT100112), the
Research Fund of Key Laboratory of High Performance

Manufacturing for Aero Engine (Northwestern

Polytechnical University), Ministry of Industry and
Information Technology, China (No. HPM-2020-06), and
the Fund of the State Key Laboratory of Solidification
Processing in Northwestern Polytechnical University,
China (No. SKLSP202014).

References

[1] LAN L, JIN X Y, GAO S, HE B, RONG Y H.

Microstructural evolution and stress state related to
mechanical properties of electron beam melted Ti—6A1-4V
alloy modified by laser shock peening [J]. Journal of
Materials Science & Technology, 2020, 50: 153—161.

[2] LIUGL,CAOY H, YANGK, GUO W, SUN X X, ZHAO L,
SIN C, ZHOU J Z. Thermal fatigue crack growth behavior

of ZCuAlioFesMn: alloy strengthened by laser shock

(8]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

processing [J]. Transactions of Nonferrous Metals Society of
China, 2021, 31(4): 1023-1030.

YANG H J, ZHU Y S, ZHANG Y, ZHANG X Q, ZUO L S,
YIN Y D, PEI S B. Investigation on surface “residual stress
hole” of thin plate subjected to two sided laser shock
processing [J]. Optics & Laser Technology, 2022, 149:
107886.

LU G X, WANG D G, GAO S, LI H, JI Z, YAO C F. Will the
laser shock-induced residual stress hole inevitably occur? [J].
Journal of Materials Research and Technology, 2022, 18:
3626-3630.

LUGX,LIJ, JI1Z LI H, YAO CF, LIJ S, SUGIOKA K,
ZHAO G Q. How does the pulsed laser turn into ‘force’? [J].
Measurement, 2021, 185: 110016.

TAKATA T, ENOKI M, CHIVAVIBUL P, MATSUI A,
KOBAYASHI Y. Effect of confinement layer on laser
ablation and cavitation bubble during laser shock peening [J].
Materials Transactions, 2016, 57(10): 1776—1783.

ZHANG D S, WU L C, UEKI M, ITO Y, SUGIOKA K.
Femtosecond laser shockwave peening ablation in liquids for
hierarchical micro/nanostructuring of brittle silicon and its
biological application [J]. International Journal of Extreme
Manufacturing, 2020, 2(4): 045001.

POZAR T, AGREZ V, PETKOVSEK R. Laser-induced
cavitation bubbles and shock waves in water near a concave
surface [J]. Ultrasonics Sonochemistry, 2021, 73: 105456.

LU G X, LI J, ZHANG Y K, SOKOL D W. Effect of initial
surface roughness on the actual intensity of laser shock
processing [J]. Surface Topography:
Properties, 2019, 7(1): 015025.

YANG X J, LING X, ZHOU J X. Optimization of the fatigue
resistance of AISI304 stainless steel by ultrasonic impact

Metrology and

treatment [J]. International Journal of Fatigue, 2014, 61:
28-38.

LU G X, WANG L, LI H, JI Z, WANG Q, PEI X, SUGIOKA
K. Methods for the suppression of “residual stress holes” in
laser shock treatment [J]. Materials Today Communications,
2021, 28: 102486.

LING X, PENG W W, MA G. Influence of laser peening
parameters on residual stress field of 304 stainless steel [J].
Journal of Pressure Vessel Technology, 2008, 130(2):
021201.

MYLAVARAPU P, BHAT C, PERLA M K R, BANERJEE K,
GOPINATH K, JAYAKUMAR T. Identification of critical
material thickness for eliminating back reflected shockwaves
in laser shock peening—A numerical study [J]. Optics &
Laser Technology, 2021, 142: 107217.

SATHYAIJITH S, KALAINATHAN S, SWAROOP S. Laser
peening without coating on aluminum alloy Al-6061-T6
using low energy Nd: YAG laser [J]. Optics & Laser
Technology, 2013, 45: 389—-394.

KALAINATHAN S, SATHYAJITH S, SWAROOP S. Effect
of laser shot peening without coating on the surface
properties and corrosion behavior of 316L steel [J]. Optics
and Lasers in Engineering, 2012, 50(12): 1740—1745.
NAKANO H, TSUYAMA M, MIYAUTI S, SHIBAYANAGI
T, TSUKAMOTO M, ABE N. Femtosecond and nanosecond
laser peening of stainless steel [J]. Journal of Laser Micro/



[17]

[18]

[19]

Guo-xin LU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 576—581

Nanoengineering, 2010, 5(2): 175-178.

ELANGO K, HOPPIUS J S, KUKREJA L M, OSTENDORF
A, GUREVICH E L. Studies on ultra-short pulsed laser
shock peening of stainless-steel in different confinement
media [J]. Surface and Coatings Technology, 2020, 397:
125988.

LIAN YL, HUAY H, SUNJ Y, WANG Q S, CHEN Z C,
WANG F F, ZHANG K, LIN G, YANG Z N, ZHANG Q,
JIANG L. Martensitic transformation in temporally shaped
femtosecond laser shock peening 304 steel [J]. Applied
Surface Science, 2021, 567: 150855.

KUKREJA L M, HOPPIUS J S, ELANGO K, MACIAS

[20]

[21]

581

BARRIENTOS M, POHL F, WALTHER F, GUREVICH E,
OSTENDORF A. Optimization of processing parameters of
ultrashort (100 fs—2ps) pulsed laser shock peening of
stainless steel [J]. Journal of Laser Applications, 2021, 33(4):
042048.

WANG P J, CAO Q, LIU S, PENG Q. Surface strengthening
of stainless steels by nondestructive laser peening [J].
Materials & Design, 2021, 205: 109754.

WU B X, SHIN Y C. Two dimensional hydrodynamic
simulation of high pressures induced by high power
nanosecond laser-matter interactions under water [J]. Journal
of Applied Physics, 2007, 101(10): 103514.

oA IEE S F o - RIERY B I UEFN IR 1S N A
FEHA', FER2, £ &2, N@f&3, F &1, & %2 Jhpg]

LoOACK S MORRE 5 TREA AR APRI £ M8 5 0 T30 MR i Sk %, TFRd 2500615
2. FEPUACEHUEARIE TR AU AR e S B RHCE AR =, AT 1000955
3. PERREG SR WS 2 SRR G, TEFE 110016

OB PSR TR A U B RN A S, AR VAR 2 SR RO i o A OB A A IR R
ARFUESE. 268 XRD MR VAR 5 SRAGATE W 304 ANBEAN, 5 B e P A0 AE S ke 1 FH XS A 2
19345 o IR EE R 5 SR TR W], OGRS AL AN R T2 T 85 B T A o 5 A A P N R D 5
VLECASE, ez WA BEOGR T N ) RN ) 2 BRI SR . SOk 58 LA BRI Z AR ZE L 258
{14 52 B A1 P S0 Bk 5 Ik 0T 3 T AR R A A P S B
REIA): BOCHMEINL, SRR S Rimerie

(Edited by Xiang-qun LI)



