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Abstract

Modifying the top-layer surface microstructures represents a promising strategy for surface strengthening and is increas-
ingly utilized in metal surface engineering. Here, we achieved nearly nondestructive surface reinforcement and gradient
structuring of aluminum alloy using a low-energy femtosecond laser peening technique. Gradient micro-nano structures
were formed after femtosecond laser peening treatment including gradient grains in size from hundreds of nanometers
to a few micrometers, massive subgrain boundaries, various dislocation patterns, accompanied with more than one-fold
elevated surface hardness and approximately unchanged surface evenness. The use of low pulse energy effectively sup-
presses thermal melting and collateral damage, ensuring high surface integrity. Atomistic simulations of defect evolution,
such as dislocation propagation, multiplication, interactions with voids, and grain boundaries, demonstrate that ultrafast
shockwaves facilitate the development of micro-nano structures, thereby enhancing the deformation capacity of the lattice
and significantly improving the mechanical properties of the laser-treated surface. This advancement in metallic surface
engineering techniques offers vast potential for manufacturing advanced metal materials with exceptional mechanical
performance.
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1 Introduction

Strengthening metal matrices typically leads to a reduction
in ductility, known as the strength-ductility trade-off, which
limits the industrial applications of hard metallic materials.
To address this challenge, various technological approaches
have been proposed, including the optimization of micro/
nano structures through dislocation architecture, nanotwin
engineering, and gradient structuring [1]. Gradient met-
als with tunable microstructure distributions have demon-
strated remarkable mechanical properties and achieved a
synergy between strength and ductility, garnering significant
research interest over the past two decades [2]. For exam-
ple, a gradient dislocation-cell-structured alloy has shown
an exceptional strain hardening rate at cryogenic tempera-
tures, surpassing that of coarse-grained counterparts due to
atomic-scale planar deformation faulting [3]. Additionally,
gradient micro/nano structuring has achieved both superior
strength and plasticity in various engineering metal materi-
als [4-6]. Notably, a gradient nanograined surface layer can
effectively reduce the coefficient of friction by accommo-
dating substantial plastic deformation [7].

Several deformation pathways have been developed to
fabricate gradient structures, including surface mechani-
cal grinding, attrition, and rolling [2]. In contrast to these
mechanical methods for inducing gradient plastic strain,
laser shock peening represents an advanced technique for
metallic surface reinforcement and gradient structure for-
mation, offering advantages such as noncontact, repeatabil-
ity, and precise control [8]. Traditional laser shock peening
relies on high-energy nanosecond laser pulses to ablate a
sacrificial coating within a confined liquid medium, gen-
erating a plasma shockwave that propagates into the sub-
strate. This process introduces deep compressive residual
stresses and gradient microstructures, leading to signifi-
cant improvements in surface strength, fatigue life, wear,
and corrosion resistance [9-11]. Although conventional
nanosecond laser peening can achieve shock depths of hun-
dreds of micrometers [9], it often results in surface damage
and roughening on the order of tens of micrometers due to
the combined action of thermal diffusion and shock wave
impact [12, 13]. Therefore, achieving both high surface
quality and enhanced performance remains a challenge for
laser peening techniques.

Since its inception, femtosecond lasers have led to sig-
nificant breakthroughs in fundamental physics and engi-
neering sciences due to their ultrahigh peak intensity (10'3
W cm?). It provides another promising technological way
to high-precision and high-quality surface strengthening
of metal materials by applying the femtosecond lasers into
laser peening field [14]. For instance, Zang et al. demon-
strated surface strengthening and grain refinement in AZ31
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magnesium alloy using femtosecond laser peening (FLP)
without ablative or confinement layers [15]. Similarly,
Trdan et al. applied FLP to AA2024-T3 aluminum alloy,
reporting enhanced hardness and corrosion resistance due
to microstructural refinement that suppressed intergranu-
lar attack [16]. Recent micro-diffraction experiments con-
ducted by Rousseau et al. at a synchrotron source revealed
FLP-induced depth profiles of residual stress and stored dis-
location energy in an Al-0.3Mn alloy, confirming significant
subsurface hardening [17]. However, Yu et al. compared the
effects of high-energy nanosecond laser, low-energy nano-
second laser, and femtosecond laser peening, reporting that
both low-energy nanosecond and femtosecond laser treat-
ments resulted in limited peening effectiveness, which they
attributed to thermally induced surface melting and oxida-
tion [18].

Although femtosecond lasers have shown promise in
recent laser peening applications, laser-induced thermal
damage remains a major obstacle in practical engineering
contexts. This limitation stems from the fact that current
FLP processes typically follow the conventional nanosec-
ond laser shock peening strategy—namely, a high-energy,
single-pulse irradiation approach. Such a method often
leads to surface thermal damage and nonuniform plastic
deformation, substantially degrading surface finish and pla-
narity. To address these challenges, we have developed an
innovative FLP technique characterized by ultrahigh pulse
density and ultralow pulse energy. In our previous studies,
this approach enabled nondestructive surface enhancement
in stainless steel and produced nano-gradient structures in
Ti-6Al-4 V alloy [19, 20]. Notably, under ambient condi-
tions without protective coating, this method enhanced sur-
face hardness by more than 30% while maintaining nearly
unchanged surface roughness [19]. These improvements are
ascribed to the unique low-pulse-energy, high-pulse-density
peening regime employed.

In the present study, we further elucidate the mechanisms
underlying the surface nondestructive peening effect and
subsurface micro/nano gradient structuring of aluminum
alloy induced by femtosecond lasers, employing a compre-
hensive approach that integrates experimental techniques,
finite element modeling, and molecular dynamics simula-
tions. The enhancement of surface mechanical properties
and the formation of micro/nano gradient structures at the
top surface layer were characterized using nanoindenta-
tion and transmission electron microscopy (TEM), respec-
tively. The evolution of thermal fields during laser-metal
interactions was analyzed through finite element simula-
tions coupled with the classical two-temperature equations.
Molecular dynamics simulations were employed to eluci-
date the evolution of defects driven by femtosecond-laser
induced ultrastrong shockwaves at a microscopic level.
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2 Materials and Methods
2.1 Experimental Design

The FLP experiment was carried out at a femtosecond-laser
micro/nano-machining workstation provided by Light Con-
version, Lithuania. A Yb: KGW laser source (PHAROS)
was employed for the FLP process, with central wavelength
of 1026 nm, full-width at half-maximum (FWHM) around
190 fs, and repetition rate of 200 kHz. The ultrafast laser
pulses were peened on sample surface without coating and
confinement at normal incidence, after computer-controlled
motorized attenuator and polarization rotation, focused by a
microscope objective (5 x, NA=0.13, Olympus), yielding a
laser facula of approximately 10 um (Fig. 1a). A commercial
6061 aluminum alloy sample in 10 x 10 x 1 mm® rectangular
shape was mounted on a high-precision positioning stage
with a movement accuracy less than 0.25 um along all three
axes. The sample surface was polished by SiC papers with
roughness grades of 800#~3000# and cleaned in deion-
ized water and ethanol under ultrasound prior to FLP treat-
ment. The FLP process was monitored in real-time using
a CCD device. Schematic illustration of the FLP process

Fig. 1 Experimental arrangement
of the FLP process. (a) Optical
setup of the femtosecond-laser
machining system. (b) Optical
image of aluminum-alloy sample
surface after FLP treatment. (c)
Schematic illustration of FLP and
(d) laser scanning model
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and laser scanning model were presented in Fig. 1c and d,
respectively. Laser energy density was modulated by vary-
ing pulse density and pulse energy. In the experiments, four
pulse energies (0.125, 0.25, 0.375, 0.5 wJ) and three pulse
densities (2% 10%, 4x 108 6x10% pulses/mm?) were used,
creating twelve distinct regions with varying laser param-
eters (Fig. 1b). The selection of these laser parameters is
based on prior observations from femtosecond laser peening
experiments on stainless steel [19], ensuring both surface
integrity and effective peening. The low-energy and ultra-
high-pulse-density peening model was conducted along the
x-direction, with overlapping rate approximately 50% in the
y-direction (Fig. 1d).

Displacement-controlled nanoindentation tests were con-
ducted for the measurement of elastic modulus and surface
hardness of aluminum alloy sample before and after FLP
treatment, implemented with a T1 950 Tribolndeter system
(Hysitron Inc., USA). The Berkovich tip in radius of 50 nm
was employed with a loading/unloading rate of 50 nm/s in
nanoindentation tests. For each region treated by FLP, at
least sixteen replicates were carried out at regular ordered
spots. Elastic modulus and hardness were extracted from the
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load—displacement relationships recorded in the tests based
on Oliver-Pharr method [21].

Surface morphology and roughness measurement
were performed by a 3D noncontact optical profilometer
(NewView 9000, ZYGO Corp., USA), with a sub-nano-
meter accuracy at normal direction. Gradient micro/nano-
structure at depth direction of the FLP-processed specimen
were characterized via a JEM-F200 transmission electron
microscope (TEM) operated at a voltage of 200 kV. TEM
foil was prepared in thickness of approximately 100 nm by
way of ion-beam cutting at depth direction on the FLP-pro-
cessed surface.

2.2 Finite Element Analysis

A finite element numerical model incorporating two-tem-
perature equations was developed to investigate the thermal
dynamics of aluminum alloy surfaces treated with femto-
second lasers. Laser pulse energies ranged from 0.125 to
0.5 wJ, and the laser spot radius was set at 5 pm, consis-
tent with experimental conditions. Femtosecond lasers with
a pulse width of 200 fs were applied normal to the model
surface. Adiabatic boundary conditions were implemented
in the directions perpendicular to the laser incidence. The
simulation employed a timestep of 5 fs, with a total simula-
tion duration of 5 ps. The electron—phonon coupling con-
stant for aluminum was set at 2.45x 107 W m™ K! [22].
Thermal field evolutions of electrons and lattice were com-
puted using the two-temperature equations throughout the
femtosecond laser acting processes.

2.3 Molecular Dynamic Simulations

The Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS) package was employed for molecular
dynamic (MD) simulations. Model size was 30x300x 30
a,° in FCC atomic structure configuration with lattice con-
stant (a,) of 4.049 A. A free boundary condition is applied
in the shock direction, while periodic boundary condition
was applied to the directions perpendicular to the laser
shock wave. The embedded-atom-method (EAM) empirical
potential was adopted to describe the interactions between
aluminum atoms on account of its good applicability for
metallic materials [23]. Laser shock effect was implemented
by moving a piston to impact the atomic model (Fig. 4a)
with piston velocities ranging from 0.5 to 3 km/s [24]. The
initial instantaneous strain rate was in magnitude of 10° s
with piston velocity of 0.5—3 km/s. This is in good agree-
ment with the strain rates experimentally measured dur-
ing femtosecond laser ablation on aluminum [25], thereby
validating the accuracy of our MD model. The timestep for
the MD simulations was set to 0.5 fs. Ambient temperature
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was controlled around 300 K with Nosé—Hoover thermo-
stat. Initially, the original atomic structure was adequately
relaxed in succession within the isothermal-isobaric (NPT)
and canonical (NVT) ensembles for 40 ps to equilibrate
any pre-existing abnormal stresses. Following this, shock
compression was applied within the microcanonical (NVE)
ensemble, as the shock process is assumed to be adiabatic
over the ultrashort timescale.

The OVITO package was used to analyze the defect evo-
lutions during the laser peening process [26]. The atomic
configurations were determined using the Common Neigh-
bor Analysis (CNA) method, while dislocation features were
characterized through Dislocation Analysis (DXA). The
Von Mises Stress (Gy;se) With a one-dimensional binning
analysis was adopted to present the flow stress and identify
the yield and dynamic plastic behaviors of the atomic struc-
tures. For each atom, oy, can be described by

V2 .
OMises = 7\/(011 - Uyy)z + (oyy — 023)2 + (0p0 — 0”)2 +6(72, + 72 +72.),

where 6y, Gy, O,,, Ty Ty, Ty, are the components of the
calculated atomic stress, expressed as

Oap = —% > miviavig + YD rijalijs |
i

i i>j

in which m, and v; are the mass and velocity of atom I, o and
B denote x, y or z axes, r;; and fj; are the distance and force
between atoms i and j, V is the atomic volume.

3 Results and Discussion

3.1 Surface Enhancement and Gradient Micro/nano
Structures Induced by FLP

To balance effective peening-strengthening against exces-
sive surface damage, we employed a low-energy, high-fre-
quency FLP strategy using pulse energies between 0.125
and 0.5 pJ and an ultrahigh pulse density (~10® pulses/
mm?). After FLP treatment, the mechanical properties of
the aluminum alloy surface were significantly enhanced
(Figs. 2a, 2b). Surface hardening increased with laser
energy density, accompanied by a modest rise in surface
roughness (Fig. 2c, 2d). Critically, the combination of lower
pulse energy with higher pulse density yielded superior
surface enhancement, underscoring the advantage of the
low-energy, high-frequency peening approach. Specifically,
with a laser pulse energy of 0.5 pJ and a pulse density of
6x10® pulses/mm?, the surface elastic modulus and hard-
ness increased by 41% and 107%, respectively, compared to
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Fig. 2 Surface integrity and micro-nano gradient structures at surface
depth approximately 0~15 pm of 6061 aluminum alloy treated by
low-energy femtosecond laser peening. (a) Elastic modulus, (b) sur-
face hardness, (c) arithmetic mean deviation (Sa) and (d) root mean
square deviation (Sq) of surface roughness versus laser energy den-
sity with pulse energies from 0.125 pJ to 0.5 pJ. (e) Morphologies
of aluminum alloy surface with and without laser peening treatment.
(f) Transmission electron microscopy image of gradient micro-nano
structures at depth direction after laser peening treatment with a pulse

the pristine aluminum alloy surface, surpassing previously
reported results [9, 16, 27].

In addition to the substantial surface reinforcement
achieved through FLP technology, it also provides notable
advantages in maintaining surface flatness. Compared to the
original surface, the roughness of the laser-peened surface

Dislocation
tangles

200 nm
-

Sub-gram-cels

-

Sub-grain
boundary

energy of 0.5 wJ and a pulse density of 6 x 10® pulses/mm?, including
(g, h) ultrafine grains with sub-grain boundary and dislocation tangles
at grain-refined region, (i) enlarged complex dislocation nano-patterns
in (h), (j, k) refined grains with dislocation tangles near grain bound-
aries and intragranular sub grains at severe plastic-deformed region,
(1) enlarged sub-grain cells in (k) formed by dislocation motion, (m)
dislocation tangles connected with sub-grain boundaries, (n, 0) mild
dislocation motion and multiplication such as dislocation lines, dislo-
cation cells, dislocation walls at slight plastic-deformed region

experiences minimal variation, remaining within the same
order of magnitude. In most of our experiments, the rough-
ness increment was less than a factor of one (Figs. 2¢ and
2d), a significant improvement compared to conventional
nanosecond laser shock peening, which typically results in
roughness increases exceeding tenfold [13, 27, 28]. This
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finding underscores the high precision and low thermal
impact associated with femtosecond laser peening. Fig-
ure 2e illustrates the topography of FLP-treated surfaces
with varying laser energy densities alongside the pristine
target surface. Unlike previous studies [29], this method did
not induce laser-induced periodic structures on the peened
surface. This is attributed to the use of low pulse energy
combined with ultrahigh pulse density, which effectively
minimizes thermal melting and maintains surface flatness
during the FLP process.

Gradient micro/nano structures are renowned for their
exceptional mechanical properties, including an outstand-
ing strength-ductility synergy, high strength, and improved
resistance to fatigue and corrosion [30-32]. However, manu-
facturing these gradient structures with high quality remains
challenging due to the limitations of conventional mechani-
cal methods, such as low precision and significant thermal
effects [33], as well as the thermal damage associated with
nanosecond laser shock peening [12]. Fortunately, the inno-
vative low-energy FLP technology provides a promising
solution to this challenge. Unlike conventional heat treat-
ment processes such as annealing [34], which enhance plas-
ticity and toughness at the expense of hardness, FLP enables
significant grain refinement and the formation of gradient
microstructures. It offers a precise, low-heat method for the
high-quality fabrication of gradient micro/nano structures,
addressing the limitations inherent in traditional meth-
ods and providing a potential solution to the longstanding
strength-ductility trade-off in metallic materials [35].

Figure 2f depicts the gradient micro/nano structures
along the depth direction, extending over a dozen microm-
eters. These structures are formed through ultrafast shock
compression induced by femtosecond lasers and consist of
an ultrafine-grain region, a grain-refined and severely plas-
tically deformed region, and a lightly plastically deformed
region. In contrast to the pristine aluminum alloy matrix
Appendix, these regions display notable plastic deforma-
tion, characterized by pronounced grain refinement and a
complex dislocation network. The gradient nature of these
structures is closely linked to the attenuation of shock energy
with increasing depth. For metal lattices with initial plastic
deformation, dislocation motion predominantly governs the
microstructural evolution. As the degree of plastic defor-
mation increases, dislocation multiplication and accumula-
tion lead to the formation of various dislocation structures,
including dislocation walls, cells, tangles, and subgrain
boundaries. Further plastic deformation promotes the trans-
formation of subgrain boundaries into refined grain bound-
aries through continuous dynamic recrystallization [36].
Consequently, in the ultrafine-grain region near the peening
surface, a high density of ultrafine grains, on the order of
hundreds of nanometers, along with a high concentration
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of dislocations arranged in complex stacking patterns, are
observed (Figs. 2g-i).

As the depth increases beyond 3 pum, large, refined grains
ranging from hundreds of nanometers to several microm-
eters in size, along with severely accumulated dislocations,
including stacking faults and dislocation tangles near the
grain boundaries, are observed in the severely plastically
deformed region (Figs. 2j and k). Notably, dislocation
motion and intersection result in the formation of mesh-
like nanostructures, generating numerous intragranular
sub-grain cells, as shown in Fig. 21. At the boundary of the
severely plastically deformed region, a complex local nano-
structure is formed, where subgrain boundaries are inter-
connected with dislocation tangles (Fig. 2m). This clearly
reflects the dislocation processes, such as emission and
propagation, occurring during the ultrafast shock compres-
sion. In the lightly plastically deformed region, extending
over ten micrometers in depth, only mild dislocation motion
and multiplication are observed, resulting in the forma-
tion of dislocation lines, walls, and cells, as illustrated in
Figs. 2n and 2o0.

The micro- and nano-structures formed are the primary
contributors to the enhanced surface mechanical properties.
Over recent decades, various technological approaches have
been developed to tailor advanced microscale structures,
including dislocation engineering, twinning design, and
extreme grain refinement, to strengthen metals and over-
come the strength-ductility trade-off [1]. Pre-existing dis-
location architectures effectively inhibit dislocation motion
and produce a pinning effect, thereby significantly improv-
ing the metal matrix’s capacity to accommodate plastic
deformation. Additionally, structural gradients exhibit
remarkable mechanical properties compared to homoge-
neous materials due to their unique characteristics, such as
strain delocalization and superior strain-hardening capabili-
ties [5]. In homogeneous metals, strain localization arises
from mismatches at grain boundaries, leading to nearly
simultaneous plastic deformation across different grains.
In contrast, gradient structures, with their orderly transition
from coarse to finer grains, mitigate intergranular stress and
suppress strain localization. This reduces crack formation
and enhances fatigue resistance [35]. The work hardening
associated with the accumulation of geometrically neces-
sary dislocations in gradient-grain layers increases with the
structural gradient and plastic strain gradient, contributing
to additional strengthening and demonstrating an excep-
tional strength-ductility synergy [37].
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3.2 Analysis of Thermal Fields During FLP
Treatment

Minimizing thermal damage is paramount in ultrafast laser
processing, as melting remains a primary driver of surface
degradation that compromises the functional integrity of
peened components. To elucidate and ultimately control
the transient thermal fields, we employed a finite-element
framework integrated with the classical two-temperature
model. The two-temperature model, originally developed
by Anisimov in the 1960s [38], accurately describes the
temperature changes and energy transfer dynamics between
electrons and lattices on ultrafast timescales. By integrating
this model with the finite element method, we were able to
visualize the temperature field evolutions during femtosec-
ond laser peening.

As illustrated in Fig. 3a, a cylindrical domain (radius:
2 pm, height: 0.5 um) was modeled. Under perpendicular
irradiation by a 200-fs laser pulse, energy is first absorbed
by free electrons via inverse bremsstrahlung within the first
few hundred femtoseconds [39]. Subsequently, the metal
lattice is gradually heated through electron—phonon cou-
pling over several picoseconds. Figure 3b illustrates that the
electron temperature field rapidly expands during the first
0.5 ps, followed by a gradual decrease. In contrast, the lat-
tice temperature field evolves at a considerably slower rate.
Figure 3¢ shows the electron—phonon dynamics predicted by

the two-temperature model at the center of the laser-ablated
region. The electron temperature peaks around 0.5 ps due to
laser-electron interaction, then sharply declines as energy is
transferred to the lattice. Meanwhile, the lattice temperature
increases slowly until the conclusion of electron—phonon
coupling. The distribution of electron and lattice tempera-
tures along the depth and radius of the laser-irradiated
region at various times is illustrated in Figs. 3d and 3e,
respectively. The temperatures of electrons and lattices gen-
erally equilibrate after thermal conduction, irrespective of
the direction (horizontal or vertical).

The peening effect arises from the explosion of plas-
mas, primarily involving material fragmentation and phase
explosion induced by femtosecond laser interaction with
the target surface [40]. According to femtosecond laser
ablation mechanisms, even low-energy femtosecond lasers,
with energies on the order of 10~ uJ, can effectively induce
material ejection and shock wave propagation in solids [41].
However, a temperature increase is an inevitable outcome
of this process. Due to the relatively low laser intensity
employed in our study, the peak temperature (850 K) of the
aluminum lattice reached slightly below its melting point
after electron—phonon coupling (Fig. 3b). This limitation
prevented significant damage to the target surface through
melting. Although heat accumulation occurs during the mul-
tipulse process, the constrained peak temperature inhibits
large-scale thermal damage from melting phase transition.
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respectively
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This characteristic is a primary reason for the exceptionally
high surface quality achieved with low-energy femtosecond
laser processing technology (Fig. 2c, d).

3.3 Defects Evolutions in Molecular Dynamic
Perspective

Defect evolutions, such as the multiplication of dislocations
and interstitials, interactions between different defects, are
critical for accommodating plastic deformation induced
by ultrafast compressive shock waves in metallic lattices.
The capacity of metal lattices to sustain plastic deformation
determines their yield limit and ultimate strength. Therefore,
examining defect evolutions at a microscopic level, driven
by laser-induced shock waves, is vital for understanding the
alterations in the mechanical properties of the metal matrix.
Figure 4a presents the atomic configuration of a molecular
dynamic model with dimensions of 122x 12x 12 nm?>. The
classical piston method was employed to simulate shock
compression, where a velocity was imparted to the piston to

induce a shock effect on the atomic model [24]. Figure 4b
depicts a typical cross-section of dislocation propagation at
7.5 ps, with the piston moving at a velocity of 1 km/s. At this
initial stage, dislocations are generated and distributed in a
regular pattern along the direction of the shock wave, owing
to the limited range of shock energy propagation.

The propagation of shock waves can substantially alter
the microstructure and atomic stress state [42]. Figures 4c-f
illustrate the lattice’s shock response over time, including
the evolution of dislocations, atomic configurations, and
flow stress. The motion of dislocations and the correspond-
ing stress profile clearly demarcate distinct elastic and plas-
tic zones, characterized by a leading elastic front followed
by a plastic front [43]. In the plastic deformation regime,
atomic stress increases rapidly until it reaches the yield
point (plastic front), after which it remains elevated due
to intense compression. However, this stress is lower than
that observed in the elastic regime, as dislocation nucleation
and motion dissipate the shock-induced shear stress. The
stress fluctuations within the plastic region correspond to
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Fig. 4 Dislocation evolutions during ultrafast compressive deforma-
tion via molecular dynamic simulations. (a) Molecular dynamic model
in size of 30a,x300a,*30a, with a piston in thickness of 1 nm. (b)
Atomic configuration at cross-section and dislocation morphology at
initial stage (time of 7.5 ps) with piston velocity of 1 km/s. (¢-f) Dis-
location motion and multiplication, as well as the flow stress distribu-
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tion versus time. “EF” and “PF” denote elastic front and plastic front,
respectively. (g) Contrast of atomic configurations at time of 10 ps
with varied piston velocities. (h) Pressure at shock-loading direction
(oyy), (i) dislocation density and (j) total dislocation length in MD
model versus time with different piston velocities
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the ongoing dislocation movement, with steady dislocation
structures exhibiting a relatively lower flow stress. After
surpassing the elastic front, atomic stress decreases sharply.
As depicted in the atomic configurations, the evolution of
flow stress and propagation of the plastic front along the
shock loading direction are accompanied by the growth and
interaction of dislocations, with a distinct crystallographic
orientation dependence. Dislocation propagation and mul-
tiplication resulting in the formation of tangled dislocation
networks, along with profuse point defect clusters, change
the micro structural configuration and reinforce the lattice
[42], reflecting the conversion of shock energy into lattice
defect evolutions.

Shock intensity governs the loading strain rate and
directly influences the evolution of defects and the subse-
quent reinforcement of the lattice. To explore how differ-
ent shock intensities affect microstructural evolution, we
employed a range of piston velocities in our simulations.
Figure 4g presents the atomic snapshots at 10 ps for pis-
ton velocities spanning from 0.5 km/s to 3 km/s. As pis-
ton velocity and shock intensity increase, the rate of plastic
deformation and dislocation slip accelerates significantly
due to higher compressive strain rates. Figures 4h-j illus-
trate the pressure in shock-loading direction (o,,), disloca-
tion density, and total dislocation length in the atomic model
over time for various loading velocities. At a piston velocity
of 0.5 km/s, the atomic model remains in the elastic defor-
mation stage, characterized by increasing shock pressure but
no observable yield point or dislocation formation (Fig. 4g),
due to the relatively low shock intensity. In contrast, higher
piston velocities lead to substantial promotion of disloca-
tion motion and multiplication. It has been reported that
stronger shock wave loading enhances dislocation mobil-
ity and extends dislocation structures, thereby dissipating
excess shock energy [44]. According to the classical Taylor
hardening law [45], the strength of metals increases with
dislocation density. Consequently, diverse and stable dislo-
cation configurations, such as dislocation forests [46], chan-
nels [47], and tangled cells [48], have been developed to
reinforce the metal materials.

Defects such as voids and grain boundaries are preva-
lent in metallic materials. During mechanical deformation,
interactions between various lattice defects, including dislo-
cation-twinning reactions [49] and dislocation interactions
with grain boundaries [50], are unavoidable. These inter-
actions significantly influence metal strengthening, embrit-
tlement, crack initiation, and strain hardening. To explore
these interactions under ultrafast compressive shockwaves,
we performed simulations with an atomic model incorporat-
ing pre-existing voids and grain boundaries, as illustrated
in Fig. 5. Figures 5a-c show the flow stress and dislocation
motion at different times for a piston velocity of 1 km/s in

a lattice containing pre-existing voids. Notably, compared
to a perfect lattice, a reduction in pressure along the shock
direction is observed when the shockwave traverses the
voids (Fig. 5d). Furthermore, the voids function as both bar-
riers and sources for dislocations during plastic deformation
(Fig. 5b, c), akin to solute segregation effects that enhance
dislocation pinning and trapping [51]. This suggests that
voids can absorb some shock energy and decelerate shock-
wave propagation by modifying dislocation evolution. Fig-
ures Se and 5f present cross-sections at the void locations
upon shockwave arrival, revealing that the voids effectively
capture moving dislocations. Consequently, numerous dis-
locations nucleate at the void edges, leading to the forma-
tion of local complex nanostructures.

Grain boundaries are well-recognized as key barriers to
dislocation movement, contributing to Hall-Petch strength-
ening [52, 53]. In addition, grain boundaries function as
both sinks and sources, capable of absorbing and emitting
dislocations [50]. This dual function is vividly captured in
the atomic-scale model presented in Figs. 5g-1, which simu-
lates an isolated grain boundary under ultrafast compressive
loading. The model demonstrates how the grain boundary
effectively arrests incoming dislocations, leading to the for-
mation of pronounced dislocation pile-ups (Fig. 5i). More-
over, the morphology and distribution of dislocations differ
markedly across the boundary (Fig. 5j), a consequence of
the disparate crystallographic orientations in adjacent grains
which govern local slip systems and dislocation evolution
pathways. The increased dislocation pile-ups ahead of the
grain boundary lead to higher back stress, which in turn
enhances strain hardening [54]. Cross-sectional analysis at
the atomic level (Fig. 5k) further reveals the grain boundary’s
role in absorbing and pinning a high density of dislocations.
This process involves the accumulation of significant num-
bers of misoriented atoms, forming irregular defect meshes.
By hindering dislocation movement, the grain boundary
slows down the propagation of plastic deformation, thereby
prolonging the elastically deformed phase of the lattice and
generating greater compressive pressure in the shock direc-
tion compared to the perfect lattice scenario (Fig. 51).

Those atomic-scale observations of nanostructure evolu-
tion driven by dislocation motion align well with experi-
mental findings, such as dislocation propagation, pile-ups,
and stacking at the pre-existing lattice defects (as displayed
in Fig. 2). Effective strategies to enhance metal strength
have historically focused on controlling dislocation mul-
tiplication, tangle formation, nanotwin development, and
grain refinement [55, 56]. The elasticity and yield strength
of metal lattices are governed by the deformation-bearing
and plastic-deformation-carrying capacities of inherent lat-
tice defects. Intense shock waves generated by femtosecond
lasers produce extremely high peak pressures, supplying
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Fig.5 Effect of voids and grain boundary during ultrafast compressive
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tion (o,,) versus time in perfect and voids-pre-exist lattices. (e) and
(f) show the atomic snapshots at cross-sections in region of the first

sufficient energy to create numerous defect clusters and
induce grain gradients. These clusters, predominantly com-
prising interstitials, vacancies, dislocations, and stacking
faults, generate complex nanoscale stress fields that signifi-
cantly enhance the metal lattice’s carrying capacity. The for-
mation of ultrafine grains and gradient micro/nano structures
suppresses dislocation movement, improves strain localiza-
tion, and activates various plastic deformation mechanisms
under external loading [35]. Consequently, these processes
effectively strengthen the mechanical properties of the bulk
matrix at the surface level.
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The low-energy femtosecond laser peening technique
demonstrated in this study achieves a high-quality, nearly
nondestructive surface strengthening, as evidenced in
Figs. la-e. This superior outcome is attributed to two syner-
gistic factors. First, the low single-pulse energy minimizes
cumulative thermal damage, a critical advantage confirmed
by our finite element simulations, which is essential for
preserving surface integrity. Second, molecular dynamic
simulations reveal that the ultrafast, ultrahigh-strain-rate
compression in the surface layer triggers an explosive mul-
tiplication and entanglement of dislocations, leading to
pronounced strain hardening. The experimentally observed
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Fig. 6 TEM images depicting the
microstructures of pristine alumi-
num alloy

gradient micro-nano structures provide direct evidence of
this evolving dislocation substructure. It is acknowledged
that, constrained by computational scale, the present simu-
lations do not fully capture the complete evolution of these
gradient structures. Future work must prioritize cross-scale
simulation methodologies to unravel the formation mecha-
nisms of these complex gradient architectures on ultrafast
timescales, thereby providing a more complete mechanistic
understanding of the process.

4 Conclusions

We have successfully achieved surface enhancement and
micro-nano gradient structuring on aluminum alloy sur-
faces using femtosecond laser peening without sacrificial
overlays and confinement. The FLP treatment resulted in
the formation of gradient structures, including gradient-
distributed grains with sizes from hundreds of nanometers
to a few micrometers, subgrain boundaries, and abundant
dislocation morphologies. This treatment led to substantial
increases in surface elastic modulus and hardness by 41%
and 107%, respectively, while surface roughness remained
minimally affected. These enhancements are attributed to the
low-energy, high-pulse-density femtosecond laser peening
method. Analysis of thermal fields indicates that the limited
peak lattice temperatures during the low-energy femtosec-
ond laser application prevent melting-induced thermal dam-
age, thus ensuring the formation of a high-quality surface.
Atomic-scale defect evolution studies reveal that disloca-
tion propagation, pile-up, and interactions with other defects
such as voids and grain boundaries significantly enhance
the lattice’s capacity to accommodate deformation, thereby
substantially improving the mechanical performance of the
laser-treated surface.

While initial progress has been made in achieving micro/
nano structural gradients on aluminum alloy surfaces using
low-energy FLP technology, significant challenges remain.

Bridging the gap between understanding the fundamental
mechanisms of gradient structuring under ultrafast com-
pressive shockwaves and implementing effective surface
enhancements on metal components with complex spatial
structures necessitates advancements in experimental tech-
niques and computational modeling, including in-situ and in-
operando micro-observations. Future research should focus
on optimizing laser parameters to achieve more profound
grain refinement and tailored microstructural heterogeneity.
Given its unique ability to manipulate microstructure forma-
tion in-situ, FLP technology offers significant potential for
advancing high-performance metal additive manufacturing.

Appendix:

(see Appendix Fig. 6).
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