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ABSTRACT

This study aims to investigate the influence of the pulse duration on the mechanical properties and dislocation density of an aluminum
alloy treated using dry laser peening (DLP), which is a laser peening technique that uses ultrashort pulsed laser-driven shock wave to elimi-
nate the need for a sacrificial overlay under atmospheric conditions. The results of the micro-Vickers hardness test, residual stress measure-
ment, and dislocation density measurement demonstrate that over a pulse duration range of 180 fs to 10 ps, the maximum peening effects
are achieved with a pulse duration of 1 ps. Moreover, the most significant DLP effects are obtained by choosing a pulse duration that
achieves a laser intensity that simultaneously generates the strongest shock pressure, suppresses optical nonlinear effects, and realizes the
least thermal effects, which weaken the shock effects. Shock temperature calculations based on thermodynamic equations also suggest that a
laser intensity driving a shock pressure less than 80 GPa, as in the case of a pulse duration of 1 ps in this study, maintains the solid state of
the material throughout the process, resulting in significant DLP effects.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083511

. INTRODUCTION techniques with a nanosecond pulse laser are currently used in
various industries,”” such as nuclear and aerospace industries. When
a material is irradiated with a nanosecond pulse laser, ablation
plasma is generated from the material surface. A transparent overlay

Peening techniques, such as shot peening,' ultrasonic
. 2 . . . 3 . 4,5
peening,” cavitation peening’ and laser peening,” are surface treat-
ment methods aimed at improving mechanical properties, such as

fatigue performance and corrosion resistance, by hardening the such as water confines the expansion of the ablation plasma, result-
material and introducing compressive residual stresses on the surface ing in a pressure propagation into the material that is sufficiently
caused by plastic deformation of the material. Laser peening strong to cause plastic deformation.”” However, nanosecond laser
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TABLE I. Chemical compositions (wt.%) of the 2024-T351 aluminum alloy.
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Si Fe Cu Mn

Mg Cr Zn Ti Al

0.0780 0.0970 4.5790 0.5340

1.5130

0.0010 0.0330 0.0237 Bal.

pulse irradiation causes the melting of the laser irradiated area,
resulting in a change of the surface roughness and induction of the
tensile residual stress caused by the solidification shrinkage. To
prevent the melting, a protective coating, such as a metal film or
paint, is applied to the material surface."’

Meanwhile, dry laser peening (DLP) uses femtosecond laser
pulses,''”"” which eliminates the need for any plasma confinement
medium or protective coating in the air. At a high intensity of femto-
second laser irradiation, thin layers of the surface are removed explo-
sively with more intense laser ablation as compared with that of
nanosecond laser irradiation. The recoil pressure of the laser ablation
then drives a shock wave propagating into the material.'*~"" This
shock wave reaches more than 100 GPa,'* which causes the plastic
deformation of the material even in air without a plasma confine-
ment medium.'®"” Moreover, the thermal effects of femtosecond
laser irradiation are smaller than those of nanosecond laser irradia-
tion.”” Thus, DLP using a femtosecond laser suppresses the change
of the surface roughness and induces a compressive residual stress
without a protective coating and plasma confinement medium in air.

When the laser intensity exceeds 1013 W/cm? in the air, optical
nonlinear phenomena, e.g, air breakdown and optical Kerr effect,
occur. Such phenomena cause defocusing, turbulence of the spatial
energy distribution, and energy loss, resulting in the difference
between the laser ablation phenomena in vacuum and air.”' > These
optical nonlinear phenomena in air are suggested to influence DLP
effects. Moreover, the pulse duration, which is one of the laser-
irradiation conditions, is considered to have a significant effect on the
shock-affected zone and heat-affected zone introduced by the DLP. It
was reported that the most compressive residual stress is induced with
a pulse duration of 1.0 ps ranging from 180 fs to 10 ps using the wave-
length of 1028 nm with the 1/¢* diameter of 3.5 mm, indicating the
existence of optimum pulse durations for DLP.”* However, the influ-
ence of the pulse duration on the amount of plastic deformation,
which is the direct source of peening effects, has never been reported.

This study aims to investigate the influence of the pulse dura-
tion ranging from femtoseconds to picoseconds on the ablation
properties, mechanical properties such as hardness and residual
stress, and dislocation density of DLPed specimens. To evaluate the
influence of the pulse duration on the intensity of the laser abla-
tion, which is the driving force of the shock wave, the crater depth
formed by the laser ablation is measured. Furthermore, hardness
and residual stress values were measured to evaluate the effects of
the pulse duration on laser peening. The dislocation density, which
reflects the extent of plastic deformation caused by the ultrashort
pulsed laser-driven shock wave that influence the peening effects, is
also evaluated through microstructure observations and diffraction
profiles using transmission electron microscopy (TEM) and x-ray
diffraction (XRD), respectively.

The temperature in a shock-compressed solid rises due to
entropy enhancement.”” The shocked-solid melts above a threshold

pressure due to the rise in its own temperature. When an ultrashort
laser pulse is irradiated on the material, the heat affected zone due
to laser heating is negligibly small. However, the influence of the
rise in temperature due to the ultrashort laser-driven shock com-
pression on the material has never been investigated. Herein, we
also investigate the relationships between the temperature rise and
the DLP effects.

Il. METHODS
A. Specimens

In this study, the 2024-T351 aluminum alloy with a thickness
of 10 mm was used as a specimen. The T351 treatment relieved the
residual stress by stretching after solution heat treatment. The
chemical composition and mechanical properties of the specimens
are listed in Tables I and II, respectively.

B. Dry laser peening

Schematic illustrations of the DLP experiment are shown in
Fig. 1. Ultrashort laser pulses with a wavelength of 1028 nm and
pulse energy of 0.95 mJ (PHAROS, Light Conversion) were focused
using a plano-convex lens with a focal length of 70 mm onto the
specimen in air, as shown in Fig. 1(a). The specimen was mounted
on an X-Y automatic stage, and the specimen was moved in the X
and Y directions during the laser irradiation as shown in Fig. 1(b).
The laser pulses were overlapped with a coverage C, of 700%. Here,
the coverage is expressed as C, = ALN,, x 100 (%), where A, is the
crater area, and Nj, is the number of pulses per unit area. Pulse
durations of 180 fs, 500 fs, 1 ps, 5 ps, and 10 ps were selected for the
DLP conditions based on the results of the relationship between
the ablation depth and pulse duration.

C. Ablation properties

The irradiated area was observed using scanning electron
microscopy (SEM, JSM-IT500, JEOL), and the depth of the crater
formed by eight pulses was measured using a confocal laser scan-
ning microscope (VK-9700, Keyence Corporation). The ablation
depth per pulse was estimated by dividing the crater depth by the
number of pulses.

TABLE II. Mechanical properties of the 2024-T351 aluminum alloy.

0.2% proof stress (MPa) Tensile strength (MPa) Elongation (%)

321 464 19.2
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(a) (b)
» Y direction

Ultrashort laser pulse

Wavelength: 1028 nm

Pulse energy: 0.95 mJ - FIG. 1. Schematic illustrations of the

Crater diameter .
experimental setup of dry laser
peening. (a) Irradiation method of ultra-
short pulse laser and (b) scan direction
. 4 of the ultrashort laser pulses.
2024 Aluminum alloy X direction

Plano-convex lens
X-Y stage

D. Surface roughness

The surface roughness of the unirradiated and DLPed speci-
mens was measured using a confocal laser scanning microscope.
The arithmetic mean roughness (R,) was used for the surface
roughness value. The surface of the DLPed specimens was observed
using SEM.

E. Hardness

The surface hardness of the unirradiated and DLPed speci-
mens was measured using the micro-Vickers hardness test. It was
performed with a load of 0.98 N and a dwell time of 15s. Before
the hardness test, the debris layer formed on surface of the DLPed
specimens were removed by the electropolishing because the debris
layer does not contribute to the DLP effects. The thickness of
debris layer is about a few micrometers.

F. Residual stress

The residual stress on the surface of the DLPed specimens
was measured using the coso method?® (1-X360s, Pulstec
Indutrial Co., Ltd.) using a CrKa x ray with a wavelength of
0.2291 nm, where the 311 reflection of Al was used with a
Young’s modulus of E=69.31 GPa and a Poisson’s ratio of
v=0.348. Thin layers of the surface were successively removed by
electrolytic polishing to obtain the depth profile of the residual
stress. A 10% HCIO, solution was used for polishing at an
applied voltage of 16 V under a constant temperature of 0 °C. The
residual stress introduced by DLP is larger in the Y direction than
in the X direction. In this experiment, the residual stress in the Y
direction was measured to clarify the difference due to the pulse
durations.

G. Dislocation density

The dislocation density in the DLPed specimens was estimated
using TEM (Talos F200i, Thermo Fisher Scientific K.K.) with an
accelerating voltage of 200kV. For the TEM observations, a thin
cross-section specimen was cut from the surface layer in the speci-
mens using a focused Ga* ion beam (Scios 2 DualBeam System,
Thermo Fisher Scientific K.K.). The thickness of the piece was
approximately 100 nm. Moreover, the specimen surfaces were
covered with platinum before cutting to prevent damage caused by

Pulse to pulse distance

the ion beam. The dislocation density was quantitatively estimated
using the Keh’s method (see Ref. 12).

The dislocation density was also estimated through a nonde-
structive XRD measurements using the Williamson-Hall equation
as expressed by AK = 0.9/D + (€)K,” where D is the crystallite
size, (g) is the plastic strain, K is the length of the diffraction
vector given by K = 2sin6/A, and AK = 2 cos 6(A26)/A, where 0
and A are the diffraction angle and wavelength of the x rays,
respectively. The dislocation density p is expressed as p = 24/3
(€)/Db, where b is the magnitude of the Burgers vector. The XRD
measurements were performed using x rays with a photon energy
of 30.024 keV at the BL22XU beamline of SPring-8, as shown in
Fig. 2.°° The diffracted x rays were detected using a CdTe detec-
tor. The size of the incident and receiving slits were 200 um in the
horizontal direction and 5um in the vertical direction. The dif-
fraction angle and full width at half maximum (FWHM) of the
normalized line profiles of reflections in the gauge volume were
measured to evaluate strain states and estimate the dislocation
density.

lll. RESULTS

A. Ablation properties

Figure 3 shows the SEM images of the irradiated area with
pulse durations of 180 fs, 1 ps, and 10 ps. As shown in Fig. 3(a), the

Slit CdTe detector

Gauge volume

2024 Aluminum alloy

FIG. 2. Schematic illustrations of the experimental setup of the strain scanning
method.

J. Appl. Phys. 132, 075101 (2022); doi: 10.1063/5.0083511
Published under an exclusive license by AIP Publishing

132, 075101-3


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

Irradiated area (S

ARTICLE scitation.org/journalljap

FIG. 3. SEM images of the irradiation area at the focal position of the laser pulses with pulse duration of (a) 180 fs, (b) 1 ps, and (c) 10 ps. The region surrounded by the
red dotted line indicates the irradiated area, where the metal surface is discolored by laser ablation. The region surrounded by the yellow dotted line indicates the crater,
where the metal surface is intensely etched by laser ablation in the center of the irradiated area.

region in which the metal surface is discolored by laser ablation is
defined as the irradiated area, and the region intensely etched by
laser ablation in the center of the irradiated area is defined as the
crater. Table IIT shows the irradiated area diameter and crater
diameter for each laser irradiation condition. In this experiment,
the fluence and intensity are calculated by defining the irradiated
area diameter as the beam diameter. The irradiated areas with a
pulse duration of 180 and 500 fs are larger than those under other
conditions at the focus position, resulting in decreased fluence. The
result suggests that the effects of optical nonlinear phenomena
increase as the pulse duration decreases. Moreover, Fig. 3(c) shows
numerous melt droplets in the irradiated area using a pulse dura-
tion of 10 ps. Since the fluence for pulse durations of 1 and 10 ps is
the same, the result suggests that the thermal effects increase as the
pulse duration increases.

The relationship between the ablation depth per pulse and the
pulse duration is shown in Fig. 4. The ablation depths of 12 craters
were measured, and the average values, excluding the maximum
and minimum values, were plotted. The error bars show the
maximum and minimum values of the ablation depths of the irra-
diation craters. The maximum ablation depth is 0.89 um/pulse at a
pulse duration of 700 fs. When the pulse duration was lower than
700 fs, the ablation depth decreased with a decrease in the pulse
duration. Meanwhile, with a longer pulse duration, the ablation
depth decreased with an increase in the pulse duration.

TABLE |Il. Irradiation area diameter and crater diameter at focal position in each
laser irradiation condition.

Pulse Irradiation area Crater Fluence  Intensity
duration  diameter (um) diameter (um) (J/cm?) (W/em?)
180 fs 140 70 6 34x10"
500 fs 110 60 10 2.0x 10"
1ps 80 60 19 1.9x 10"
5ps 80 60 19 3.8x 10"
10 ps 80 60 19 1.9x 10"

B. Surface roughness

The results of the surface roughness measurement for the
unirradiated and DLPed specimens are shown in Fig. 5.
The surface roughness was measured at four points for each speci-
men and the average values are indicated. The error bars show the
maximum and minimum values of the surface roughness. The
surface roughness of the unirradiated specimen was 0.05um while
that of the DLPed specimens increased. The maximum surface
roughness is 1.57 um at a pulse duration of 1 ps. These results are
in good agreement with the relationship between pulse durations
and the ablation depth. Figure 6 shows the SEM images of the
DLPed specimen surface with pulse durations of 180 fs, 1 ps, and
10ps. A debris layer was formed by the laser ablation on the
surface of DLPed specimens. These results suggest that the most
intense laser ablation occurred at a pulse duration of 1 ps.

1.4 T T

121 .

1.0F .

08} l } 1
06} f % :
041 I { |

Ablation depth per pulse (um/pulse)

¢
02f 1
0.0 - -
0.1 1 10

Pulse duration (ps)

FIG. 4. Relationship between the ablation depth per pulse and pulse duration.
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FIG. 5. Surface roughness values of the unirradiated and DLPed specimen.

C. Hardness

The results of the micro-Vickers hardness test for the unirra-
diated and DLPed specimens are shown in Fig. 7. The surface hard-
ness test was performed at 12 points for each specimen. The
average values, excluding the maximum and minimum values, are
indicated. The error bars show the maximum and minimum values
of the surface hardness. The surface hardness of the unirradiated
specimen was 146 HV while the hardness of the DLPed specimens
increased. This is attributed to the work hardening caused by
plastic deformation. The maximal surface hardness was 202 HV at
a pulse duration of 1 ps. Above 1 ps, the surface hardness decreased
with the increasing pulse duration. Below 1 ps, as the pulse dura-
tion decreased, the surface hardness also decreased.

D. Residual stress

The depth profiles of the residual stress in the DLPed
specimens are shown in Fig. 8. The error bars show the standard
deviation value. The pulse duration of 1ps introduced the
maximum compressive residual stress of approximately 400 MPa at

%200: ?V %/ % 7¢ 7%
§150 z, %%%%%
WL

Pulse duration

FIG. 7. Hardness values of the surfaces of the unirradiated and DLPed
specimen.

a depth of 4 um from the surface. This value is almost equal to the
0.2% proof stress of the 2024-T351 aluminum alloy. Above 1 ps,
the maximum compressive stress value and the depth at which the
compressive residual stress is introduced decreased as the pulse
duration increased. Below 1 ps, as the pulse duration decreased, the
maximum compressive stress value decreased, but the depth at
which compressive residual stress is formed remained the same.

E. Dislocation density

Figure 9 shows the TEM images of the cross sections of the
unirradiated and DLPed specimen with pulse durations of 180 fs,
1 ps, and 10 ps. The regions observed using TEM is the solid phase
area with the highest dislocation density in the each DLPed speci-
men. To clearly observe dislocations as black lines, the incident
direction of the electron beam is displaced from crystal zone axes
and the excite 111 reflections of aluminum. We find high-density
dislocations are formed in the specimen. The dislocation densities
estimated in the unirradiated and DLPed specimens (Fig. 9) are
listed in Table IV. The error bars show uncertainty in the thickness
of TEM observation specimen. The dislocation density in the

FIG. 6. SEM images of the DLPed specimen surfaces with pulse duration of (a) 180 fs, (b) 1 ps, and (c) 10 ps.
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TABLE IV. Dislocation density in the DLPed specimen estimated using the Keh
equation.

Pulse duration Dislocation density (m™2)
Base metal 23x 10"
180 fs 6.7 x 10"
1ps 8.3x 10"
10 ps 55x 10"

unirradiated sample was 2.3 x 10 m~2. Meanwhile, the values

increased in the DLPed specimen with pulse durations of 180 fs,
1 ps, and 10 ps. A sufficient impact force to induce plastic deforma-
tion was applied to the specimen even under a pulse duration of
10 ps. The maximum dislocation density is 8.3 x 10'*m™> under a
pulse duration of 1 ps. Therefore, the strongest shock wave occurred
with a pulse duration of 1 ps.

FIG. 9. TEM images of the solid
phase region in (a) the base metal,
and in the DLPed specimen with a
pulse duration of (b) 180fs, (c) 1ps,
and (d) 10 ps.
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FIG. 10. Residual elastic strain and A28 distributions in the Y direction in the
DLPed specimen with a pulse duration of 1 ps.

Figure 10 shows the depth profile of the residual elastic strain
and A26 in the DLPed specimen with a pulse duration of 1 ps mea-
sured by XRD. The error bars for A26 show the standard deviation,
whereas the error bars for the elastic strain are included in the
plots. The compressive elastic and plastic strains in the Y-direction
exist from the surface to a depth of approximately 100 um and
increase as the depth becomes shallower.

The dislocation density in the DLPed specimen with a pulse
duration of 1ps was quantitatively estimated wusing the
Williamson-Hall equation. The dislocation densities at a depth of
8 um with a large amount of plastic strain introduced as shown in
Fig. 10 were estimated in this experiment. Table V shows the
plastic strain, crystallite size, and dislocation density. The region
appeared to be plastically deformed by an ultrashort pulsed laser-
driven shock wave and formed dislocations with a density of
9.4x10"m™ in the X direction and 7.7x10m™ in the
Y direction. These results agree well with the dislocation densities
estimated from TEM observations. Laser irradiation with a pulse
duration of 1 ps drives a sufficiently strong impact force to intro-
duce plastic deformation in air.

IV. DISCUSSION
A. Effects of optical nonlinear phenomena

Mechanical properties, such as the hardness, residual stress,
and dislocation density, of the DLPed 2024 aluminum alloy as well
as the ablation depth per pulse are dependent on the pulse

ARTICLE scitation.org/journalljap
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FIG. 11. Irradiated area radius over the fluence distribution map, which
assumes Gaussian beam focusing propagation, as a function of the distance
from the focal position.

duration, with 1 ps as the optimal duration. Here, we discuss the
influence of the pulse duration on the ablation depth, which reflects
both the shock and thermal effects induced by laser irradiation.
Above 1ps, as the pulse duration increased, the crater depth
decreased and the melted region widened around the irradiated
area, which suggested that thermal effects, such as heat diffusion,
dominated over the shock effects.”” Below 1 ps, as the pulse dura-
tion decreased, the crater depth decreased and the irradiated area
increased, which suggested a decrease in the laser fluence. Drogoff
et al. and Nielsen et al. reported that for an ultrashort pulsed laser
with a pulse duration below 1 ps, the amount of ablation was less
dependent on the pulse durations.’’”> However, this was not
observed in our study. For the DLP using an ultrashort pulsed laser
with a laser intensity ranging from 10'* to 10'® W/cm?, the interac-
tion of the laser pulse with air must be considered. Figure 11 shows
the radius of the irradiated area measured from the SEM images
plotted over the fluence distribution, which assumes a Gaussian
beam focusing under ideal light propagation, as a function of the
distance from the focus position. Here, the negative direction indi-
cates the laser incident side. As shown in Fig. 11, the irradiation
area with a pulse duration of 180 fs was larger than those with a
pulse duration of 1 and 10 ps. Moreover, the focal point of the
beam shifted to the laser-incident side at a pulse duration of 180 fs.
These are caused by nonlinear optical phenomena, e.g. the optical
Kerr effect and air breakdown. The high laser intensities associated
with short pulse durations amplify the nonlinear optical effects,
resulting in an increase in the irradiation area and a decrease in

TABLE V. Microstructure characteristics in the specimen after DLP, irradiated with a pulse duration of 1 ps.

Crystallite size (nm)

Dislocation density (x10 m™?)

Direction Plastic strain (x107>)
X direction 7.7 +0.75
Y direction 59+0.97

Average: 99 Min.: 59 Max.: 295
Average: 93 Min.: 52 Max.: 471

Average: 9.4 Min.: 3.4 Max.: 12.9
Average: 7.7 Min.: 1.8 Max.: 11.6
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the laser fluence. This eventually lowers the shock effects. Thus,
the most significant DLP effects are achieved by choosing a pulse
duration that achieves a laser intensity that simultaneously gener-
ates the strongest shock pressure, suppresses optical nonlinear
effects, and realizes the least thermal effects, which weaken the
material plasticity.

B. Temperature under shocked state

The thermodynamic equation under a steady shocked state
derived by Walsh and Christian is expressed as:

Cvn Vi + Vo CvuTu = 2dVis (Vo — Vi) + 2(pH po)s (1)

where p is the pressure, V is the specific volume, T is the tempera-
ture, Cy is the constant-volume specific heat, y is the Griineisen
parameter, and subscript 0 and H indicate an ambient and a
shocked state, respectively.”” For an overdriven-shocked state with
the strain rate of 10''-10'?s™" induced by a shock pressure of
200-300 GPa, the equation of state in the shocked solid is expressed
using the thermodynamic equation because such a state is steady
enough for times longer than electron-phonon relaxation time of
10-100 fs.”*° Therefore, the temperature in the femtosecond
laser-driven shocked state is derived from Eq. (1) because the dura-
tion of femtosecond laser-driven shock wave is longer than several
picoseconds.'” Pressure Py and temperature Ty under pressure
release, which is an adiabatic process, are expressed as

Py = Py + 3NkB$(TR — Ty), @)
0

Tr = Tu exp [%(VH - V)]> (3)

where N is the number of atoms per unit mass and kg is
Boltzmann constant.

Figure 12 shows temperatures under shocked state and under
pressure release calculated using Eqgs. (1)-(3). The data used for the
calculations are listed in Table I in Ref. 34. The melting curve shown
here is Moriarty’s data.”® The temperature under shocked state and
melting curve intersect at 117 GPa, which agree well with the experi-
mental data as reported in Ref. 37. When the shock pressure is less
than 80 GPa, release curves do not intersect the melting curve, which
indicates that the state remains solid during both rise and fall in pres-
sure. When the shock pressure is 100 GPa, the release curve intersects
the melting curve at 23 GPa, indicating melting of material during
pressure release. Namely, the material’s states are classified for three
parts: (i) a solid state during both rise and fall in pressure below the
shock pressure of 80 GPa, (ii) a solid state under pressure rise and
liquid state during pressure release above 80 GPa and less than
117 GPa of the shock pressure, and (iii) liquid state during pressure
rise above 117 GPa of the shock pressure.

The laser intensities used are 3.4 x 10"* and 1.9 x 10" W/cm® for
pulse durations of 180 fs and 1 ps, respectively. Shock pressures driven
by these laser pulses are around 100 and 20 GPa for pulse duration of
180 fs and 1 ps, respectively, which are derived using the relationships
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FIG. 12. Temperatures under shocked state and under pressure release calcu-
lated using thermodynamic equations.

between femtosecond laser intensity and shock pressure, experimen-
tally obtained by Ionin et al”® Despite that the laser intensity and
resulting shock pressure for the pulse duration of 180fs are larger
than those for the pulse duration of 1ps, the dislocation density
which indicates the amount of plastic deformation for the pulse dura-
tion of 180 fs is smaller than that for the pulse duration of 1 ps, which
suggests dislocation annihilation caused by melting during pressure
release for the shock pressure of 100 GPa. The calculations clarify that
a laser intensity driving a shock pressure of less than 80 GPa main-
tains the solid state of the material, leading to significant DLP effects.

V. CONCLUSIONS

The influence of the pulse duration on the peening effects in
the DLPed aluminum alloy was investigated. Mechanical properties,
such as the hardness, residual stress, and dislocation density, as well
as the crater depth per pulse of the alloy was dependent on the pulse
duration. The maximal ablation depths were 0.89 to 0.93 um/pulse at
pulse durations of 700 fs and 1 ps. A surface hardness of 202 HV, a
compressive residual stress of approximately 400 MPa, and a disloca-
tion density of 9.4 x 10'* m™ were the optimal values, obtained at a
pulse duration of 1 ps. These results indicate that the strongest shock
effect was induced at a pulse duration of 1 ps. As the pulse duration
increased above this optimal value, thermal effects, such as heat dif-
fusion, dominated the shock effects. Meanwhile, the laser fluence
decreased as the pulse duration decreased below 1 ps owing to the
broadening of the irradiated area caused by the effect of nonlinear
optical phenomena, e.g., air breakdown and the optical Kerr effect. A
pulse duration of 1 ps simultaneously generates the strongest shock
pressure, suppresses optical nonlinear effects, and realizes the least
thermal effects that weaken the shock effects, resulting in the most
effective DLP. Shock temperature calculations based on thermody-
namic equations suggest that a laser intensity driving shock pressure
of less than 80 GPa remains the solid state of the material, resulting
in significant DLP effects.
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