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ABSTRACT

Ultrafast laser was recently used to modify the surface integrity and peen the surface region of aluminum based alloy 2024-T351 without a
sacrificial layer prior to the process. We show that controllable laser parameters such as fluence and pulse duration have a significant influ-
ence on peening qualities, such as the compressive residual stress, hardness, and surface roughness of peened parts. The residual stress
profile was analyzed by x-ray diffraction. By controlling the laser fluence and pulse duration, it was possible to obtain 200 MPa of compres-
sive residual stresses close to the surface and 100MPa of compressive residual stresses at 50 μm depth. Moreover, micro-hardness was
increased from 2.1 to 2.5 GPa in the near-surface region. In addition, the dislocation densities were evaluated from high-resolution x-ray dif-
fraction peaks. The increase of the dislocation density indicates that plastic deformation occurred, which generated compressive residual
stresses and hardness enhancement. Plastic deformation is considered to be created by an ultrafast laser-induced pressure wave. The correla-
tion between laser parameters and modified surface properties is interpreted by the complex interplay between laser excitation, material
relaxation, and pressure waves. A pulse duration in the picosecond range and a relatively low fluence is possibly the optimal condition for a
best peening quality with small surface roughness, which could potentially be used to reduce surface cracking and associated failures of addi-
tively manufactured parts.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052510

I. INTRODUCTION

Surface treatment is a widely used technique to improve
surface wear and fatigue resistance properties of materials. There
are many used techniques to enhance material surface properties
such as case hardening, nitriding, carburizing,1 shot peening,2

shock peening,3 and cold work hardening.4 Peening is a cold
working process in which the surface is plastically deformed, basi-
cally by hammering. During this process, the surface layer expands
laterally, however, due to the restraining elastic force of the bulk

material it develops lateral compressive residual stresses. These are
stabilized by tensile residual stresses in the bulk. Compressive resid-
ual stresses enhance the resistance of peened parts to crack propa-
gation and fatigue failure. Therefore, it is essential to maintain the
surface integrity of the material especially in critical applications
such as airplane fuselage and wings.5 Nowadays, Laser Shock
Peening (LSP) plays an important role in the enhancement of
surface mechanical properties. During LSP treatment, pressures
well above the dynamic yield strength of the material are imparted
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on the target in a fraction of a microsecond.6 By plastically deform-
ing the surface layers, both shot peening and LSP introduce sub-
stantial residual stresses and work hardening into the material.7

LSP improves the mechanical performance of metals, for instance,
resistance to crack initiation, extended fatigue life, enhanced fatigue
strength, hardness, corrosion resistance, and improved damage tol-
erance.8,9 It is meant to be adopted by many manufacturing indus-
tries, especially in aerospace, turbine blade, and automotive.10,11

Nanosecond laser pulses were used to drive shock wave propa-
gation deep into the material resulting from the expansion of high-
pressure plasma.12 The shockwave creates plastic deformation in
the surface region, which increases the hardness and generates
compressive residual stresses. A confining layer such as water or
glass is used to enhance the shockwave by avoiding the laser-
produced plasma from expanding rapidly away from the surface,
thus generating a high-amplitude short duration pressure pulse.13

On the other hand, it was reported that a femtosecond laser created
a strong shock pulse with pressure above 100 GPa.14 A microstruc-
ture analysis suggested that plastic deformation took place in the
near-surface region of the material, which leads to compressive
residual stress.15,16 Thus, a femtosecond laser is considered a prom-
ising tool not only for material removal but also for enhancement
of surface mechanical properties.17,18 Moreover, the undesired heat
affected zone induced by fs laser treatment is a lot smaller com-
pared to the width of the heat affected zone induced by a nanosec-
ond laser.19

Femtosecond laser irradiation in air can introduce plastic
deformation, resulting in the formation of metastable high-pressure
phases into pure iron20 and silicon.21 More experiments have been
conducted on femtosecond peening without the use of a confining
layer showing an increase of hardness by increasing the laser inten-
sity and the number of shots irradiated per unit area.22,23 Other
research studies have been conducted on femtosecond and nano-
second lasers without a confining layer and under atmospheric
conditions. It was shown that a femtosecond laser can produce
high-intensity shock,24–26 which is not the case of using a nanosec-
ond laser. In this work, we investigated in the ultrashort regime
how pulse duration and laser fluence influence peening results.
A numerical approach combining the two-temperature and plasma
hydrodynamics was developed for visualizing the light absorption
and material relaxation. Residual stress, depth resolved microhard-
ness, roughness, and dislocation density were characterized experi-
mentally. It was proven that a longer pulse duration was a better
process condition in increasing the residual stress gradient, con-
forming the numerical approach results.

II. MATERIALS AND METHODS

A 2024-T351 aluminum alloy was used in this study. Table I
shows the chemical composition of this alloy. Grain size of the raw

material was visualized using an optical microscope and evaluated to
an average value of 30 μm. Samples were cut into 12� 12� 12mm3

cubes. Automatic polishing (Buehler Automet 250) was performed
starting with a coarse paper of P180, then moved successively to P320,
P600, and P1200 followed by diamond 3 and 1 μm, and vibratory pol-
ishing (Buehler Vibromet 2) with the colloidal silica of 0.06 μm was
performed prior to laser experiments. The as-prepared samples were
free of residual stress prior to laser irradiation.

Figure 1 schematically illustrates the experimental setup for
ultrashort LSP. It was performed by using a Legend Elite femtosec-
ond laser from Coherent Inc., as shown in Fig. 1(a). This laser has
a wavelength of 800 nm, a repetition rate of 1 kHz, and a set of
halfwave plate and polarizer for controlling the fluence. Samples
were scanned by using a Galvano Scanner. The scanner was
moving in the x- and y-directions during laser irradiation as shown
in Fig. 1(b). Laser fluence and pulse duration are the controllable
parameters. The laser spot diameter (D) was measured to be
30 μm, and the laser spot area (A ¼ πD2=4) was calculated to
be �7� 10�4 mm2. The laser fluence (F peak) was calculated from
the laser energy (E): (F peak) = (2E)/A. The pulse duration was set by
controlling the compressor and was measured by an autocorrelator.
The distance between irradiation spots (ds) was chosen to be 8 μm,
which corresponds to an overlap ratio (OL) of 73.3%,
ds ¼ D� (1� OL=100). The total irradiated surface area was fixed
to 10� 10mm2. Three different values were chosen for laser
fluence (F peak): 5, 15, and 50 J=cm2, which ensure a high ablation
rate.27,28 The chosen pulse durations were 50, 1000, and 2000 fs,
which resulted in 9 combinations of different process conditions
and specimens.

Surface topography was measured using confocal microscopy
(AltiSurf520). It allows the measurement of the surface topography
and ablation depth. Surface roughness (Ra) is the average absolute
deviation from the mean line over the sampling length.29 Based on
the confocal measurements, a roughness analysis of all the speci-
mens was performed, and the average roughness (Ra) was calcu-
lated by using Mountains software from CETIM. Moreover, the
topography of the peened surface was also checked by Alicona
MeX version 6.1 software after taking Scanning Electron
Microscopy (SEM) at 500� magnification at particular tilting
angles (0�–4�). The average peak-to-valley height29 (Rz) was
interpreted by Alicona software.

Residual stresses were measured by X-Ray diffraction (XRD)
using a MRX XRAYBOT, with a wavelength of Cu–Kα
(0.15405 nm) and Al(422) reflection with a 2θ angle of 137� with a
2 mm diameter collimator. The residual stress profile was obtained
through sequential polishing. The procedure started with XRD
measurements on the surface and then followed by an electropo-
lishing on the peened surface up to 70 μm depth. Electropolishing
was performed on a Struers LectroPol-5 machine.

A dislocation density was evaluated for laser irradiated zones
and control samples. 311 peaks (2θ ¼ 94�) were measured with a
high-resolution Panalytical MRD diffractometer equipped with a
Bartels monochromator (4� 220 Ge crystals) and a sealed x-ray
tube with a Co anode. The evaluation method is based on the
asymptotic behavior of the second and fourth order restricted
moments allowing us to determine the coherent domain size and
the dislocation density from broadened x-ray peaks.30,31

TABLE I. Chemical composition (wt. %) of a 2024 T 351 Al alloy.

Cu Mg Zn Mn Si Fe Cr Ti Al

3.8 1.2 0.25 0.3 0.5 0.5 0.1 0.15 Balance
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Microhardness profiles were deduced through a nanoinden-
tation test, conducted with an XP Nanoindenter (Keysight
Technologies, Santa Rosa, California) with a dynamic contact
module head allowing for accurate measurements at low load
and small displacement. The nanoindentation was carried out
with a diamond Berkovich tip and a maximum depth of 300 nm
with 3 μm between the indents. The Loubet method32 was used
to compute hardness from load–displacement curves.

To elucidate the dynamics of excitation and pressure wave dis-
sipation brought by 50 fs and 2 ps laser pulses, a 2D numerical
model with radial symmetry is proposed. First, Gaussian pulse
energy deposition and absorption on the excited aluminum surface
is accessed by solving Maxwell equations.33 Then, a 2D hydrody-
namic system of equations including energy conservation laws for
electrons and ions (classical two-temperature model), momentum
equations (Navier–Stokes), and mass conservation law coupled
with equation-of-state for aluminum solved based on the Euler
method.34–37 The system of equations is written as follows:

Electrons : Ce(Te)
@Te

@t
¼ ∇ � (κe(Te)∇Te)� γei(Te)(Te �Ti)þ Iαabs,

(1)

Ions : ρCi(ρ, Ti)
@Ti

@t
¼ ∇ � (κi(Ti)∇Ti)þ γei(Te)(Te � Ti), (2)

@ρ~u
@t

þ (~u � ∇)(ρ~u)þ (ρ~u)∇ �~u ¼ μ∇2~uþ 1
3
μ∇(∇ �~u)

� ∇[Pi(ρ, Ti)þ Pe(Te)], (3)

Mass conservation :
@ρ

@t
þ ∇(ρ~u) ¼ 0, (4)

where Te, Ce(Te), ke(Te), γei(Te), and Pe(Te) are the electron tem-
perature, heat capacity, thermal conductivity, electron–ion coupling
term, and pressure (the electronic properties are fitted from the
ab initio simulation results, respectively33); Ti, Ci(ρ, Ti), ki(Ti), ρ,
μ ¼ 1:34� 10�3 Pa s, and Pi(ρ, Ti) are the ion temperature, heat
capacity, thermal conductivity, density, viscosity, and pressure
given by the equation-of-state, accordingly.33 Iαabs is the energy
source from the Maxwell equation solution for laser wavelength
λ ¼ 800 nm, refractive index N = 2.77, and extinction coefficient
K = 8.35.~u is the flow velocity, whereas ρ0 ¼ 2:74 g=cm3 is the alu-
minum density for normal ambient conditions. The hydrodynamic
system is mainly sourced by the pressure gradient ∇Pi(ρ, Ti) pro-
duced by ultrashort laser heating and included in the momentum
equation for velocity ~u. The incorporation of the expression for ~u
in the mass conservation equation for ρ results in the correspond-
ing density changes and pressure wave displacement with an effec-
tive velocity of � ffiffiffiffiffiffiffiffiffi

Pi=ρ
p

. This way, shock and rarefaction waves
may have different velocities of propagation due to different ρ, and
the following rarefaction wave strives to overcome the shock wave.
During this process, the pressure continuously decreases, and
smaller gradients from the momentum equation induce smaller
density changes in the mass conservation equation and finally
result in pressure wave dissipation.

The main goal of the calculations was to illustrate the differ-
ences in the pressure wave initiation for femtosecond and picosec-
ond pulse durations, as well as to access the temporal dynamics of
the pressure waves up to shock wave dissipation, which would
define the shock-affected regions associated with laser shock

FIG. 1. Schematic illustrations of (a) the experimental setup for laser irradiation and (b) scanning directions for the setup shown in (a).
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peening. Potentially, the following processes depending on the
exact ultrashort pulse duration are relevant:

1. Transient optical and electronic properties (i.e., electron diffu-
sion and electron–ion coupling acting on picosecond timescales)
during surface excitation, which might cause differences on the
total energy deposition and the maximum electron/ion tem-
peratures in the case of 50 fs and 2 ps pulses. Higher electron
temperatures, achieved by femtosecond pulses, accelerate the
electron–ion exchange but also increase the nonlinear losses
due to thermal diffusion, both dependent on the electron
temperature. The maximum ion temperatures define the
maximum pressure in the excited shock wave.

2. Temperature dynamics and the initiation of phase transitions/
plasma plume formation for longer pulse durations impacting
the pressure wave propagation at a micrometer-scale distance.

III. RESULTS

In Secs. III A–III D, the results will be presented in the order
of numerical simulations, roughness/topography, residual stress,
dislocation density, and microhardness. Non-destructive analyses
such as confocal/SEM/surface XRD were performed on all samples.
Destructive analysis such as in-depth dependent XRD and micro-
hardness was only performed on selected samples.

A. Numerical simulations

Under irradiation by ultrashort laser pulses, strong energy
confinement is produced below the surface in a thin layer of photo-
excited matter. Initially localized in the skin depth (δ �10 nm), the
energy absorbed by the electrons rapidly diffuses deeper in the
material, driven by longitudinal temperature gradients. Electron
diffusion is progressively reduced by the electron–phonon coupling,
which transfers the energy to the lattice ions. Depending on the

FIG. 2. (a)–(d) Pressure wave propagation at fixed time 100 ps after excitation (~k shows the direction of shock wave propagation Z) below the ablated surface (the interface
is indicated by a black solid line). The results are compared for pulse durations of 50 fs [(a) and (c)] and 2 ps [(b) and (d)] and for fluences 2:5 [(a) and (b)] and 5 J=cm2

[(c) and (d)].
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strength of this coupling, the characteristic size of the heated alumi-
num layer increases in the picosecond timescale to about 100 nm.
The distribution of the material temperature at high density defines
the magnitude and profile of the local pressure loadings.
High-amplitude shock waves of tens or even hundreds of GPa are
then created, causing plastic inhomogeneous deformation and in
turn residual stresses throughout its propagation in the material.
The shock wave propagates into the target with a front shock trav-
eling at a velocity where a lower estimate is given by the sound
velocity cs. At cs � 6000 m/s, it takes the shock wave about 20 ps to
travel 120 nm in the metal, and the ultrafast laser-induced heating
is considered isochoric in a first approximation. The pressure wave
distribution is initially defined by the pulse duration and is progres-
sively altered by the dynamics of the material response. In particu-
lar, high pressures spread faster than low pressures, due to the
concavity of the Hugoniot curves, and the shock wave stiffens as it
propagates in the solid. In contrast, the plastic part of the wave

propagates slower than the elastic one, spreading the shock over
time. Upstream the propagation, the heated matter will expand
quasi-isentropically, defining an ablation front that follows the
shock. Whenever the shock wave progressively reaches the colder
unaffected material, the interface reflects waves and the isentropic
curvature promotes the generation of a rarefaction shock. The
matter flowing into this discontinuity is less dense and a rarefaction
wave/shock follows the compression one. Traveling faster, this rare-
faction wave overtakes the shock and reduces the shock pressure.
The dynamics of these compression and rarefaction defines the
attenuation length of the laser-induced shock.44 Increasing the
pulse duration up to a value comparable to the electron–phonon
equilibrium time is expected to favor the compression built phase
and reduce the rarefaction one, increasing the decay length of the
shock. By reducing the brevity of the shock while maintaining the
level of induced pressure is likely to generate structural deforma-
tions and related dislocations.

FIG. 3. (a)–(d) Temporal dynamics of the pressure wave. The graphs show the aluminum ion density evolution, while the pressure wave propagates μm distances on an
ns timescale below the surface. The arrows indicate the liquid/ablated material, shock and rarefaction waves. The results are compared for pulse durations of 50 fs [(a) and
(c)] and 2 ps [(b) and (d)] and for fluences 2:5 J=cm2 [(a) and (b)] and 5 J=cm2 [(c) and (d)].
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The numerical simulations show that slightly higher maximum
ion temperatures are achieved after heating by a picosecond pulse
due to the reduced nonlinear losses (11� 103 vs 9� 103 K for
F ¼ 2:5 J=cm2 and 16� 103 vs 13� 103 K for F ¼ 5 J=cm2),
although the highest electron temperatures are reached while apply-
ing a femtosecond pulse (60� 103 vs 40� 103 K for F ¼ 2:5 J=cm2

and 110� 103 vs 60� 103 K for F ¼ 5 J=cm2). As a result, slightly
higher maximum ion pressures are built for a 2 ps pulse (90 vs
80 GPa for F ¼ 2:5 J=cm2 and 200 vs 140 GPa for F ¼ 5 J=cm2).
Pressure wave dynamics on the first few micrometers occurs to be
different due to a stronger and longer heating picosecond pulse,
resulting in more efficient plasma generation and a wider longitudi-
nal shock wave propagating inside the material.

For instance, the regions of maximum ion pressures are
shown at a 100 ps time delay after 50 fs and 2 ps pulse excitation
for different laser fluences in Fig. 2. In the case of a femtosecond
pulse, the shock wave is confined to 100 nm for the lowest pulse
energy in Fig. 2(a), whereas a wider compression region of 250 nm
is seen for a picosecond pulse in Fig. 2(b). The higher compression
rates are likely to produce more significant modifications.

The dynamics of the pressure waves in the case of 50 fs and
2 ps pulse irradiation for laser fluences of 2:5 and 5 J=cm2 are
shown in Fig. 3. Shock waves (corresponding to compression and
higher densities ρ0 . 2:74 g=cm3) are accompanied by rarefaction
waves (rarefaction and lower densities). At distances of �18–20 μm
(for 2:5 J=cm2) and of �22–25 μm (for 5 J=cm2), the rarefaction
wave overcomes the shock wave, and the maximum pressures are
reduced to 200MPa close to normal conditions and unaffected
bulk aluminum. The lowest values here correspond to a femtosec-
ond pulse case whereas the highest ones to picosecond, respectively.
The shock wave stops at �3 ns after excitation by the lowest fluence
and �4 ns by the highest one, indicating an averaged shock wave
speed larger than 6000 m/s.

The hydrodynamic simulation of an ultrafast laser excitation
with a fixed peak fluence has revealed the crucial role of a longer
pulse duration in the picosecond scale in generating stronger shock
waves. In the following, we present experimental investigations con-
firming the numerical simulation predictions and discovering the
optimal condition for a best peening quality with adequate surface
topography for potential applications.

B. Roughness and topography

Femtosecond Laser Shock Peening (FLSP) was performed by
controlling two main laser parameters: the laser fluence and pulse
duration. In total, nine different samples were irradiated as pre-
sented in Fig. 4. The maximum and minimum heights were tested
for each specimen on a surface of 1 mm. The ablation depth was
calculated for the FLSP surface.

The energy deposition on the lattice initiates the shock wave
and causes surface expansion at significant non-uniform strain
rates. Concurrently, as soon as the conditions of temperature and
density required are fulfilled, the irradiated surface is melted or
experiences phase explosion. The ablation process occurs when the
high strain rates can turn the liquid region into an ensemble of
droplets.38 In this case, the target material is removed both in
vapor and liquid phases since the vaporization process creates a

recoil pressure that expels the liquid.39 The ablation depth at a high
laser fluence (50 J=cm2) is almost twice of those at low laser fluen-
ces (5 and 15 J=cm2). However, the ablation depth was almost the
same at lower laser fluences. The pulse duration does not have a
significant influence when it is varying between 50 fs and 2 ps.
However, the laser fluence has a marked influence in controlling
the ablation depth of the surface, more than the pulse duration.

Results presented in Fig. 4 show an insignificant change in
surface roughness when increasing the laser fluence from 5 to
15 J=cm2. Also, the influence of the pulse duration for these condi-
tions is small. However, when increasing the laser fluence from 15
to 50 J=cm2, the surface roughness increased from Ra¼ 0:3 to
Ra¼ 1:63 μm at a pulse duration of 1 ps. On the other hand, the
pulse duration plays a role as well in determining the surface
roughness at a high laser fluence. A remarkable change was
observed in the surface roughness (Ra) while increasing the pulse
duration from 1 to 2 ps at 50 J=cm2.

The above-mentioned results disclose a tenuous change in
surface topography while increasing the laser fluence from 5 to
15 J=cm2. However, significant changes in surface roughness and
ablation depth occur only for fluences of 15–50 J=cm2. To illustrate
topography differences, Figs. 5(a)–5(d) present the SEM micro-
graphs at 500� magnification after laser shock peening at 15 and
50 J=cm2 laser fluence and different pulse durations. (e)–(h)
present the corresponding Alicona reconstructions. The difference
in the surface topography when increasing the laser fluence is
clearly noticed. The average peak-to-valley height increased from
Rz = 3.38 μm at 15 J=cm2 to Rz = 8.91 μm at 50 J=cm2. At 50 J=cm2,
a wavy surface with higher roughness is created. By comparing (b)
and (c), no significant differences in surface topography are
observed while changing the pulse duration from 50 fs to 1ps, and
Rz was slightly decreased from Rz = 8.91 to Rz = 8.72 μm, respec-
tively. On the other hand, we can clearly observe the transforma-
tion from more to less bumpy/wavy surfaces while increasing the

FIG. 4. The average roughness (Ra) of laser processed areas with respect to
the laser fluence and pulse duration. The laser fluence plays a major role in
modifying the surface topography. On the other hand, the pulse duration plays a
minor role in modifying surface topography at a low laser fluence.
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pulse duration from 1 to 2 ps, and the average peak-to-valley height
decreased from Rz = 8.72 to Rz = 5.72 μm. It also confirms the pre-
viously obtained results on the decrease of surface roughness (Ra)
between 1 and 2 ps.

C. Residual stress

The residual stresses corresponding to the nine irradiated
samples were measured using the sin2(ψ) technique. For the analy-
sis, the CuKα radiation and the 422 diffraction peak of aluminum
at 2θ ¼ 137:5� were chosen. 25 peaks were measured at psi angles
between �40� and 40�, which corresponds to an average penetra-
tion depth of the x-ray photons of about 30 μm. Results are pre-
sented in Fig. 6.

As shown, lateral compressive residual stresses are existing in
all the samples. Residual stresses of about �120MPa (+30MPa)
were created by 15 and 50 J=cm2 laser fluences. An even higher

residual stress between �140 and �200MPa (+30MPa) was
created by the low laser fluence of 5 J=cm2 depending on the pulse
duration. Thus, the pulse duration plays an important role in con-
trolling the magnitude of the compressive residual stress at the
surface. Generally speaking, it increases progressively the magni-
tude of the compressive residual stress while increasing the pulse
duration from 50 fs to 2 ps.

From the point of view of the applications, it is important to
know the depth distribution of the stresses. Therefore, a residual
stress measurement test was conducted at five different (15, 25, 40,
55, and up to 85 μm) depths and two directions parallel and per-
pendicular to the direction of laser light polarization, as indicated
in Figs. 1 and 7.

Figures 7(a)–7(c) present the residual stress depth profiles for
different pulse durations at a laser fluence of 5 J=cm2. It is clearly
confirmed that the compressive residual stresses are not only exist-
ing at the surface. FLSP at low fluences and a long pulse duration

FIG. 5. (a)–(d) present the SEM micrographs after LSP at different pulse durations at 15 and 50 J=cm2. (e), ( f ), (g), and (h) present the Alicona SEM topography micro-
graphs of (a), (b), (c), and (d), respectively. Both laser Fluence and pulse duration are the influential parameters of surface topography.
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of 2 ps has induced a compressive residual stress up to �200MPa
at the surface and almost �100MPa up to 40 μm depth at x and y
directions [Fig. 7(c)]. The compressive residual stress magnitude
tends to 0 after 40 μm depth. The results are similar to the observa-
tions reported by Sano.24 The amplitude of a residual compression
stress is also in good agreement with those from shot peening on
the same alloy.40,41 The good correlation between x and y suggests
a uniform residual stress distribution, independent of the scanning
strategy and direction of laser polarization.

D. Dislocation density

Dislocations are created during fast cooling of the surface
region melted by the laser and by the primary shockwave, the mag-
nitude of which can exceed the dynamic yield strength (HEL) of
the material.42 The result is a spatially inhomogeneous plastic
deformation,43 which is the source of residual stresses. In order to
characterize this inhomogeneity, the dislocation density was evalu-
ated on five samples irradiated with different laser fluences and
pulse durations.

Figure 8(a) shows high-resolution 311 peaks (2θ ¼ 94�) corre-
sponding to an average penetration depth of the x rays of about
15 μm. Peak broadening is a measure of residual elastic energy
stored in the strain field of dislocations. The second and fourth
order restricted moments of the intensity distribution were used to
evaluate the dislocation density,30,31 which resulted in values
between 4–1014 and 16–1014 m�2. The results shown in Fig. 8(b)
indicate that the dislocation density increases with the fluence and
pulse duration. Present results are in very good agreement with
those of Kawashima et al.46 obtained by Transmission Electron
Microscopy (TEM) on a femtosecond irradiated 7075-T73 alumi-
num alloy. They measured dislocation densities of about 6:5� 1014

and 11� 1014 m�2 in the unmelted and in the re-solidified layer
regions, respectively. The situation is different for nanosecond LSP.
Kawashima et al.46 have found by TEM analysis of a nanosecond

LSP AlSi1MgMn alloy a dislocation density, which is of about five
times lower than induced by femtosecond LSP. Their analysis,
however, revealed high densities of subsurface dislocation networks,
dense dislocation walls as well as the formation of ultra-fine
(60–200 nm) and nano-sized grains (20–50 nm). The latter were
associated with dynamic recovery and recrystallization phenomena
taking place during nanosecond LSP.45 The present evaluation
method allows determining the dislocation density and the size of
small coherent domains too, which can provide information about
such substructures.30,31 The results show that the coherent domain
size is larger than 1 μm in all cases, suggesting that grain refinement
(by dislocation rearrangement or recrystallization) was insignificant

FIG. 6. Compressive residual stresses close to the surface (depth of 30 μm)
with respect to laser fluence and pulse duration: Residual stresses depend on
both laser fluence and pulse duration. The highest stresses are obtained at a
pulse duration of 2 ps and 5 J=cm2 fluence.

FIG. 7. Residual stress gradient profile for a low laser fluence (5 J=cm2) along
x and y directions: The correlation between x and y confirms that identical resid-
ual stresses were induced on both directions. A compressive residual stress at
the surface was higher for a large pulse duration (c) of 2 ps compared to a
smaller pulse duration of 1 ps and 50 fs presented in (b) and (a) progressively.
For both cases, almost �100 MPa of a compressive residual stress was
obtained at 45 μm depth, which decreases progressively to reach �50 MPa at
85 μm depth.
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during femtosecond irradiation. This different behavior can explain
the lower dislocation density found for nanosecond LSP.

E. Microhardness

A complementary study on the effect of femtosecond laser
shock peening on the hardness of the aluminum 2024-T351 was
also performed. Therefore, the transverse section (perpendicular to
the irradiated surface) of the samples was analyzed by nanoinden-
tation. As shown in Fig. 9(a), 8 points were tested in the vertical

direction (parallel to the free surface) and 20 points in the horizon-
tal direction from which an array of 160 points was created as
shown in Fig. 9(a).

Nano-indentation was conducted on the sample irradiated at a
low laser fluence (5 J=cm2) and a large pulse duration (2 ps)
showing the highest residual stress. Figure 9(a) presents an image
of the indentation imprints on the cross section of the sample. This
local mechanical analysis evidences the presence of a hardness gra-
dient emphasizing the depth influence of the femtosecond laser

FIG. 8. (a) 311 x-ray peaks for a low laser fluence (5 J=cm2) samples with different pulse duration. (b) Dislocation density variation vs pulse duration. The dashed line rep-
resents the reference polished sample without irradiation and residual stress free.

FIG. 9. (a) Nano-indents on the cross-sectional area after laser shock peening. (b) The calculated average hardness for each vertical indentation line. (c) The region with
increased hardness is present up to 30 μm depth. Surface hardness highly increased reaching almost 2.5 GPa and decreases in depth reaching 2.1 GPa at 30 μm.
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shock peening. Figure 9(b) shows the hardness variation on the
surface up to 60 μm depth. The average hardness was calculated for
each vertical indentation line and presented in Fig. 9(c) for the sub-
surface region up to 30 μm depth. The maximum and minimum
points are shown in red. The hardness increased reaching almost
2.5 GPa at the surface, which decreases progressively reaching
2.1 GPa between 30 and 60 μm, in good agreement with the work
of Sano et al.26 Considering the depth of the remelted layer of
about 4–6 μm,46 this hardness gradient over the 30 first microme-
ters is clearly the signature of a peening process that induces sub-
surface plastic flow. An increase of 25% of hardness compared to
the bulk hardness is consistent with the results obtained with con-
ventional shot peening.40

IV. DISCUSSION

The roughness, ablation depth, residual stresses, and disloca-
tion density variation confirm that the laser fluence and pulse
duration are both important parameters to modify the surface
integrity and topography. Table II summarizes surface integrity
modifications after ultrafast laser shock peening for different laser
fluences and pulse durations. Depending on process parameters, a
specific surface texture may be introduced by the laser shock
peening. It may induce an anisotropic elastic behavior of the
surface that might change its wear/tribological resistance. Higher
surface roughness may initiate fatigue crack propagation and corro-
sion cracking in some cases.47 The laser fluence is an important
parameter to control the roughness. It has been shown here as well
as in the literature that a higher laser fluence increases the ablation
depth and surface roughness.48 A low laser fluence generates shock
waves with a higher magnitude of the resulting compressive resid-
ual stresses at the surface and finer surface topography.49

Consequently, the pulse duration appears to be an influential
parameter for a residual stress gradient. It has been proven that a
longer pulse duration increases the compressive residual stress at
the surface and up to 85 μm depth.

Moreover, it was clearly confirmed that the compressive residual
stresses are not only existing on the surface. Femtosecond laser shock
peening at low fluences has induced a compressive residual stress up
to �200MPa on the surface and almost �100MPa up to 40 μm
depth. Also, it is typical to notice that residual stresses tend to 0MPa
while reaching 85 μm depth (Fig. 7). Furthermore, LSP has increased
the hardness up to 20% at the surface and up to 30 μm depth. The

increase in the surface hardness was related to the work hardening,
related to the increase of the dislocation density.

Further studies would be interesting to conduct on a material
produced by additive manufacturing, which has the disadvantage of
creating tensile residual stresses. FLSP might recover this gap and
turn these tensile residual stresses into compressive ones just by
applying the irradiation process without the use of any overlays or
confinement media. Such a laser peening process might also be
useful as a finishing process to improve machining-induced surface
integrity for which tensile stresses can be expected over a depth of
20 μm.50 It is worth noting that it is of primary importance to
determine the right parameter window that minimizes the resulting
roughness. In some cases, the achieved roughness after shock
peening may not be acceptable and may require post-processing
operations to lower it. Soft polishing such as belt grinding or tribo-
finishing should be used.51,52 Such polishing processes are known
to induce a compressive residual stress field over tens of microme-
ters, which is in a way beneficial to surface integrity but makes the
use of laser shock peening questionable. Similarly, LSP might also
improve resistance to stress-corrosion cracking since compressive
residual stresses are known to be beneficial regarding both
oxidation kinetics and crack propagation.53 Hence, ultrafast laser
peening can be used on very thin mechanical systems or parts,
such as miniature surgery equipment or watch parts. Such a low-
depth peening treatment may also be relevant regarding the reli-
ability of MEMS, which are usually submitted to a high number of
cycle fatigue loading resulting in structural damages.54 Therefore,
there might be a window of application for ultrafast laser peening
to induce compressive stresses at the scale of MEMS structural ele-
ments and increase their lifetime. Even Si-based MEMS may be
prone to ultrafast laser peening treatment due to their time-
dependent ductility at a small scale.55

V. CONCLUSION

It was shown that ultrafast laser shock peening without a sac-
rificial overlay induces compressive residual stresses and sub-
surface hardening over a depth of 45 μm in a 2024 aluminum alloy.
A combination of a ps pulse duration in the ultrafast regime and a
low fluence assures the best peening results. Laser parameters have
a huge influence on surface modification such as surface roughness,
hardness, and residual stress. The laser fluence is the main parame-
ter for controlling surface topography. The pulse duration plays an
important role in inducing compressive residual stresses and plastic
deformation. Their roles were interpreted numerically by the
model, which describes the dynamics of LSP and qualitatively
explains experimental results. Hydrodynamic simulations indicate a
higher temperature and a stronger shock wave generated by a 2 ps
pulse than by a 50 fs pulse upon ultrafast laser excitation at the
same peak fluence. Picosecond laser irradiation was shown to be an
efficient method for mechanical loading and thus supply a promis-
ing way for improving fatigue, corrosion, and wear resistance of
irradiated materials by an optimal laser-shock treatment.
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5 50 0.18 −145 −82 −88 4.5
5 1000 0.23 −173 −103 −73 15.8
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