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Subpicosecond laser ablation behavior of a magnesium target and
crater evolution: Molecular dynamics study and
experimental validation

Guolong Jiang(LIE /) and Xia Zhou(J& &%)’

State Key Laboratory of Structural Analysis for Industrial Equipment, Department of Engineering Mechanics,
Faculty of Vehicle Engineering and Mechanics, Dalian University of Technology, Dalian 116024, China
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The micro-ablation processes and morphological evolution of ablative craters on single-crystal magnesium under sub-
picosecond laser irradiation are investigated using molecular dynamics (MD) simulations and experiments. The simulation
results exhibit that the main failure mode of single-crystal Mg film irradiated by a low fluence and long pulse width laser is
the ejection of surface atoms, which has laser-induced high stress. However, under high fluence and short pulse width laser
irradiation, the main damage mechanism is nucleation fracture caused by stress wave reflection and superposition at the
bottom of the film. In addition, Mg[000 1] has higher pressure sensitivity and is more prone to ablation than Mg[1010]. The
evolution equation of crater depth is established using multi-pulse laser ablation simulation and verified by experiments.
The results show that, under multiple pulsed laser irradiation, not only does the crater depth increase linearly with the pulse
number, but also the quadratic term and constant term of the fitted crater profile curve increase linearly.

Keywords: laser-material interaction, molecular dynamics (MD) simulation, ablation crater morphology, mag-

nesium
PACS: 79.20.Eb, 79.20.Ds, 81.15.Fg

1. Introduction

Short-pulse laser ablation of metal materials is a core
technology in engineering applications, such as high-precision
cutting, drilling, and the fabrication of nano-functional and
nano-bionic structures.!!3! Currently, research on the mech-
anisms of laser ablation of materials has yielded significant
results.[*7 The response of metal materials to laser irradia-
tion is complex and includes electron excitation through pho-
ton absorption, transient modification of metal physical prop-
erties, relaxation of laser-induced stresses, non-equilibrium
phase transformations, plasma formation and shielding phe-
nomena. Numerical simulations, especially molecular simula-
tion, have made a significant contribution to the discovery of
these phenomena. Methods of molecular simulation for study-
ing the interaction between lasers and metals include molec-
ular mechanics (MM), the Monte Carlo (MC) method, and
molecular dynamics (MD). Since the last method can provide
more deterministic results compared to the first two methods
and the simulated results are closer to the actual microstate of
the system, MD has been widely used in recent years. In the
field of laser simulation, Zhigilei!® proposed the MD method
coupled with a two-temperature model (TTM-MD) to fully re-
veal the behavior of atoms on the nanoscale when irradiated
by an ultrashort pulse laser. However, when the laser pulse
width exceeds the characteristic times of photoinduced elec-
tronic processes, especially in the subpicosecond range, it is
not necessary to specifically consider the electron—lattice in-
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teraction effects. It is reasonable to use a more universal and
simpler one-temperature model.[*~11]

Due to their high strength-to-weight ratio and superior
damping and cutting properties, magnesium and its alloys
have broad application prospects in the machining of precision
components and composite substrates.!!>~14! Combined with
laser machining technology, magnesium products have the po-
tential to become the next generation core components of large
equipment. Therefore, it is necessary to quantitatively analyze
the mechanism of magnesium ablation under laser irradiation
and summarize the evolutionary law of ablation crater mor-
phology under multi-pulse laser conditions.!'>1®! Yayoglu et
al.l' conducted experiments to study the effects of picosec-
ond laser parameters on the surface of a high-purity magne-
sium target, and obtained the evolutionary law of the ablation
crater section under repeated laser irradiation. They suggested
that increasing the number of repetitions is preferable to in-
creasing the average laser power in order to achieve deeper
grooves.

Based on the above achievements, this work provides a
detailed characterization of the thermodynamic behavior of
single-crystal magnesium film irradiated by a laser with dif-
ferent pulse widths and fluences, and the effects of the spatial
relationship between the crystal direction and the laser inci-
dent direction are considered. Additionally, the study reveals
the ablation mechanisms of magnesium at various laser flu-

ences and estimates the penetration thresholds for the ablation
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of single-crystal magnesium films. The study demonstrates
that ablation occurs through two primary failure modes: laser-
induced phase explosion of surface atoms, which is supported
by snapshots of the temperature field showing the separation
of high-temperature atoms; and structural fracture resulting
from stress wave reflection and superposition, which is illus-
trated by snapshots of the stress state of atoms, depicting the
transfer of stress waves during ablation. Moreover, molecular
dynamics (MD) simulation was conducted to investigate the
multi-pulse laser ablation of single-crystal magnesium. The
simulation utilized a bulk atomic structure with a newly mod-
ified pressure transmission boundary. Additionally, a laser ab-
lation experiment was performed to examine the evolution law
of ablation crater morphology for comparison. By combining
the simulation and experimental results, similar but more spe-
cific conclusions are drawn compared to the relevant reference.
Furthermore, the findings of this study can provide guidance
for laser ablation processes and the design of more intricate
or refined microstructures on magnesium. This has important
significance for the precision processing of magnesium-based
materials, such as cutting, drilling, preparation of nanostruc-
tures and bionic structures. It also has reference significance

for laser protection of magnesium-based components.

2. Calculation model

2.1. Atomic model of laser ablation on Mg films with con-
sideration of plasma plume shielding effect

MD simulations of laser ablation on Mg targets were
carried out using LAMMPS!!'7! software in this work. The
embedded-atom-method (EAM) developed by Sun et al.!'8]
is used here to describe the interaction between magnesium
atoms. The total potential energy Eiy is composed of a pair-
wise and a many-body embedding part and is given by

N

N-1 N
Eq=Y, Y ¢(rj)+Y F(p), 1)

i=1 j=i+1 i=1
where r;; represents the distance between atoms i and j, and F
is the embedding energy. Here, p; is dependent on the distance
between the atom i and other atoms, which can be expressed
as p; = Y.j+; ¢(rij), and a detailed explanation of the function
o (rij), F(p), ¢(ri;) can be found in reference.!!”!

In the simulation of ablation on thin Mg films, hexagonal
close-packed (HCP) Mg single crystals were placed in a rect-
angular coordinate system. To demonstrate the temperature
change and stress distribution in the Mg target with differ-
ent crystal orientations during the laser—-Mg interaction, two
different Mg models with laser beams along Mg[0001] and
Mg[1010], respectively, are established. Both models use pe-
riodic boundary conditions in the X and Y directions and have

dimensions of 27.71 Ax32.00 A. The laser beam is always
parallel to the z-axis, and a free boundary condition is applied
in this direction. In the two models, the spatial relationship
between the crystal direction and the coordinate axis is as fol-
lows: the X, Y, and Z axes along with the crystal orienta-
tions of [2110], [1120] and [0001] in the Mg[0001] model
and the X, Y, and Z axes along with the crystal orientation
of the [1210], [0001] and [1010] in the Mg[1010] model.
Both models have a length of 100 nm and consist of 38000
and 36960 atoms, respectively. Detailed information about the
models is provided in Fig. 1.

ncidence direction|
of laser beam
N A A vV
.‘."' 4.!""_'

Fig. 1. The spatial relationship between crystal orientation and the laser.

A three-dimensional code is presented before the MD
simulation for the laser deposition processes on metal, which
is mainly used to describe the instantaneous phenomenon of a
laser irradiating on a metal surface and energizing the atom at
different position. The energy absorbed by each magnesium
atom can be expressed as

S(xi,yi,zi) = (1-R) [IOCHZ)]

a% a% 2,2
X 87”127 exp —@(xi +y)l . (@

In our simulation, the laser is set as an ultraviolet pulsed

laser with a wavelength of 355 nm; the reflectivity (R) and
penetration depth (/) are 0.779 and 18.2 nm in the Mg[000 1]
model and 0.855 and 16.45 nm in the Mg[1010] model.!"*!
In addition, three different pulse widths (60 fs, 600 fs and
6 ps) and six incremental laser fluences from 50 mJ/cm? to
300 mJ/cm? are involved in the MD simulations to study the
laser ablation of Mg films. Over the duration of the laser pulse,
the photon density irradiated by the laser follows a Gaussian
distribution.

077901-2



Chin. Phys. B 33, 077901 (2024)

When the laser pulse width exceeds the characteristic
times of photoinduced electronic processes, the shielding ef-
fect of the plasma plume must be considered. During laser
irradiation, a plasma plume is produced above the surface of
the target. And with the energy absorption of plasma, the en-
ergy reaching the material surface is not equal to the beam en-
ergy originally emitted by the laser device. It is assumed that
the energy E, is absorbed instantly and equally by the plasma.

The increase in plasma temperature AT is given by?"!

(y—1E.  (y—1)mE,
AT="7N — kAzp )

where 7 is the effective adiabatic coefficient, and k and N rep-
resent the Boltzmann constant and the number of atoms that
are vaporized, respectively. Here, N can be calculated by the
mass of a single atom m and mass density p.

In the simulation, the pulse laser with energy fluence I
is incident along the z-axis and perpendicular to the metal sur-
face. The residual radiation energy after passing through the

plasma is

1(t) = Io(t) exp [A (1)] = Io(t) exp [— /0 wa(n,T)dz} @

where A(¢) represents the equivalent optical thickness of the
plasma plume. Here, « is the function of plasma temperature
T = T(z,t) and the atomic number density n = n(z,t) of the
particles. The plasma shielding effect is great when the laser
pulse width is large, and consideration of plasma shielding will
reduce the peak temperature of the target by 4-6 times during
the simulation.’! In this study, the plasma shielding effect is
considered at 600 fs and 6 ps laser pulses, but not at 60 fs laser
pulses as the shielding effect has not formed and the pulse has
ended.

2.2. Simulation of crater morphology evolution with vir-
tual stress transfer boundary

To investigate the morphological evolution of ablative
craters under multi-pulse laser irradiation, an approximate ap-
proach is used in this study. As shown in Fig. 2, the repre-
sentation of the laser-induced crater morphology at the scale
of the entire laser spot is based on the concatenation of var-
ious block elements. Simulation at the atomic scale is only
required at each pixel position. The energy distribution in the
spot is axisymmetric, and four points from the center to the
edge of the laser spot are selected as pixel positions in this
study. The energy fluence at each position is calculated ac-
cording to the laser energy distribution formula. The position

and energy information is provided in Table 1.

E (mJ/cm?)
474.0

(a)
The Nth pulse

: 420.4

: Laser energy

The second pulse~ “distribution
366.8
The first pulse

313.2
259.6
- 206.0

(b) Y
The edge of the laser spot

(The center of
the laser spot)

Fig. 2. Diagrams of (a) multi-pulse laser irradiation and (b) energy dis-
tribution in a laser spot. In the simulation process, four reference points
within the radius of the spot were selected to perform the multi-pulse
ablation calculation.

Table 1. Details of point position distribution.

Model number ML-1 ML-2 ML-3 ML-4
Distance from 05 035 02 0
laser spot center (o)
Energy fluence (mJ/cm?) 239.4 328.6 409.1 473.5

Unlike the ablation of metal films, the reflection of stress
waves at the bottom boundary of the bulk target should be
avoided. Reference [21] established a pressure-transmitting
boundary by modifying the atomic states in the boundary
region to reduce the intensity of the stress wave reflection.
Atoms in the boundary zone experience a total force and can
be expressed as

Foc = Fo+ o, ®)]

where Fj is a static contribution. The second part is a force
which is added externally and is proportional to the velocity
u of the atoms in the boundary. The proportionality constant
a = ZA = mnpcoA. On this basis, an improved virtual bound-
ary is added in this study. The virtual boundary scale in the
dimension of non-stress wave transmission is consistent with
that of the computational domain. The length of the virtual
boundary in the stress wave transmission dimension is calcu-
lated as follows:

Lpc > % =2VE/p -7, (6)
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where A, represents the wavelength of the stress wave. Here,
E and p are the elastic modulus and density of the target ma-
terial, respectively, and 7 is the pulse width of the laser. The
time required for the stress wave to reach the virtual boundary
can be calculated as follows:

t. = (L+ Lgc)/co. (7

To completely suppress the influence of stress wave reflection
on the calculation domain, an external force field is applied
to eliminate the stress wave when it reaches the virtual do-
main based on the simulation result. After the stress control is
completed in the virtual domain, the interaction between the
virtual domain and the computational domain is terminated in
the subsequent computation.

(a)
Piston

Computational domain

Virtual domain

(b)

Free BC Ideal BC Modified BC

Fig. 3. (a) A schematic diagram of the shock model; (b) the distribution
of kinetic energy under different boundary conditions. The reflection
and superposition of stress waves appear at the end of the free bound-
ary, which cannot be used in the calculation of semi-infinite models.
The ideal model represents an ideal semi-infinite model that is too large
and still has a terminal. The virtual boundary model has a length close
to that of the free boundary model, and the state of the stress wave when
it reaches the boundary is consistent with the ideal boundary.

To validate the effectiveness of the modified boundary,
three atomic models of single-crystal Cu, similar to the model
in reference,?!! were constructed. The free boundary model
is characterized by an unconstrained bottom boundary. The
ideal boundary model is an extended model without a bot-
tom boundary, and the pressure wave can continue to travel.
The modified boundary model incorporates a virtual boundary,
the length of which is calculated using Eq. (6) in the bottom
boundary region. The stress wave load is implemented using

the momentum mirror method, which involves setting a piston
to hit the calculation region.

The dimensions of the models with a free boundary,
ideal boundary, and modified boundary are 10 x 10 x 32a,
10 x 10 x 62a and 10 x 10 x 42a, respectively. Figure 3 shows
a schematic diagram of the shock model and the distribution
of kinetic energy under different boundary conditions when
the stress wave reaches the 30a region from the loading end.
For comparison, only the energy in the first 30a region of the
three models was considered.

As shown in Fig. 4, the first two charts verify the simi-
larity between the validation model and the literature model,
and both have similar results at the free and ideal boundaries.
The third chart in Fig. 4 illustrates that the modified boundary,
which adds a virtual domain, effectively prevents a sudden in-
crease in Eyj,, Epor and Eiy, and the energy evolution of the
system is more similar to the ideal boundary. For the multi-
pulse simulation model, the length of each pixel region was set
to 500 nm, and the virtual boundary length was set to 100 nm,
which is significantly larger than the stress wavelength. Addi-
tionally, the initial model comprised 230400 atoms.

0 04‘5 1.‘0 1.‘5 2.0750
50 F Free BC
4600
40¢...
30¢
20 B, fores
10

E (eV)
E (eV)

50
40},
30F
20f
10

E (eV)
E (eV)

0
50
40¢...

30 : s
208 " 1300

E (eV)

10

1.0 1.5 2.
t (ps)
«ees Ideal-Ey,; -— Modified-FE\y,;

Mg «eee Ideal-Epo, — Modified-Epo
«ees Ideal-Eioy — Modified-E};

2000

1500

E (eV)
p
S
IS]
S

500
0.25 0.50 0.75 1.00 1.25 1.50
t (ps)
Fig. 4. Energy evolution of a pressure wave traveling through crystal-
lite models with different boundary conditions. The models in the first
three graphs are Cu for the comparison between the validation models
and the models in reference,?!! and the models in the fourth graph are
Mg for the comparison between the modified boundary and the ideal
boundary.

Before the MD simulations of laser irradiation, the con-
jugate gradient method was used to minimize the energy of
the initial model and obtain a stable structure. Then, both sys-
tems of the above two simulations were completely relaxed
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for 50 ps under the isothermal-isobaric (NPT) ensemble with
a pressure of 0 bar and a temperature of 300 K. During the re-
laxation process, the temperature was kept constant at a certain
temperature with a Nose—Hoover thermostat and the system
press was adjusted using a Parrinello-Rahman barostat. Af-
ter relaxation, the monocrystalline magnesium model was im-
ported into the external code described above for laser energy
deposition. Finally, the computational model was re-imported
into LAMMPS for final relaxation. The relaxation process
adopted an NVE ensemble, the temperature was set at 300 K,
and the relaxation time was 2 ns.

3. Results and discussion

3.1. Mechanisms of photomechanical spallation and the
response of Mg films with various crystal orientations
to laser irradiation

The ablation morphology of the target with different crys-
tal orientations is shown in Fig. 5. The laser fluence and pulse
width are both 150 mJ/cm? and 600 fs in both directions. Par-
ticle detachment and ejection from the target can be observed
in both crystal orientations. Based on the atomic structure
at different times, the entire ablation process can be divided
into three stages. In the initial stage, the atomic states in both
models exhibit similarities. After energy absorption, the ki-
netic energy of atoms on the target surface increases signifi-
cantly. These energetic atoms can disrupt stable atomic struc-
tures and induce phase transitions on the metal surface. Si-
multaneously, due to the interaction between adjacent atoms,
the kinetic energy of the atoms on the target surface will prop-
agate downward and then reflect back. Therefore, this stage
can be defined as the atomic structure destruction stage. The

z=0

second stage occurs about 10 ps after laser irradiation, with a
large number of atoms rapidly separated from the substrate;
the atomic states in the two models began to differ. The main
observation is that the number and kinetic energy of atoms
ejected from Mg[0001] are higher compared to Mg[1010)].
The final stage is characterized by atomic aggregation and
stabilization. At 50 ps after laser irradiation, the scattered
atoms agglomerate and condense into nanoclusters. Some
of these atoms, which have lost interaction with the underly-
ing substrate, will be ejected from the computational domain,
while others will be deposited on the substrate surface due to
the attraction of the underlying atoms. This phenomenon is
macroscopically characterized by remelting and deposition of
nanoparticles on metal surfaces. Due to the larger atomic spac-
ing in the Mg[0001], it is more susceptible to destruction dur-
ing ablation compared to the Mg[1010], resulting in a greater
ablation depth for the Mg[000 1] substrate.

Figures 6(a) and (b) show the pressure contours in the
z-direction of Mg[1010] and Mg[000 1], respectively, during
the ablation process. The energy transfer of high-energy atoms
forms a thermoelastic stress wave in the depth direction of
the model. This stress wave consists of a compression com-
ponent (red area in Fig. 6) followed by a tension component
(blue area in Fig. 6). As shown in Fig. 6, the peak value
of the stress wave generated by 150 mJ/cm? lasers is lower
than the strength of Mg[1010] (6.02 GPa) and higher than the
strength of Mg[0001] (3.16 GPa). This is also the main rea-
son that leads to the nucleation growth and eventual fracture
of the Mg[000 1] model bottom but no obvious change in the
Mg([1010] model bottom.

Mg[1010]

500 ps

1 ns EEE
2 ns EEEE

HCP@ FcCc@® BCC@ Other O Mg[0001]

Fig. 5. Atomic structure snapshots of (a) Mg[1010] and (b) Mg[000 1] during the ablation process.

(bars)

.5><105

—2X106 100 ps E=E

150 ps CGEE

Fig. 6. The z-direction pressure evolution of atoms in the (a) Mg[1010] and (b) Mg[000 1] systems.
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3.2. Effects of laser parameters on Mg ablation response
3.3. Laser pulse width effect

The evolution of atomic structure after irradiation of a
laser with different pulse widths is shown in Fig. 7. The fi-
nal atomic structure demonstrates that the fluence required to
penetrate the Mg[000 1] substrate under 60 fs and 600 fs laser
irradiation is less than 100 mJ/cm?. However, a 6 ps pulse
width laser with the same fluence cannot break down the sub-
strate completely; this is because the laser fluence per unit time
decreases with the increase in the pulse width. Basically, the
system has more time to complete the energy transfer between
atoms and avoids stress concentration.

The pressure and temperature evolution inside the Mg
substrate after photon energy deposition is shown in Fig. 8.
Obviously, atoms on the surface of the target that absorb a sub-
stantial amount of laser energy heat up rapidly and are ejected
from the calculation domain under high stress. In the region
below the surface, tension waves are generated by the interac-
tion between surface and bottom atoms, and the amplitude of

Pressure 60 fs

100 200

Time (ps)

Temperature 60 fs
(d) 40 (e) 40

20 20
—~ 0 = 0
g g
= —20 = —20
o0 o

— o —40
8 40 A

—604 1 —60 41

—80 —80

0 100 200 300 100

Time (ps)

600 fs

Time (ps)

the tension wave increases as the pulse width decreases. As
shown in Figs. 8(a) and 8(b), tension waves at high stress lev-
els result in nucleation and penetration at the bottom of the Mg

films.
60 ts[|[]] | 600 £s[| [1[] ] ses(IIIANMANN

z=0_{]
Other O L E B
BCC @ 1 s
FCC @ o i
HCP @ §

z L]

L L L RN

Initial & & g & a & £ 3 A 3 &

Y model © 3 s o S g = ° R s °
10 =) 0

Fig. 7. Atomic structure evolution of the target irradiated by a laser with
different pulse widths.

6 ps

P (GPa)
3.000
2.650
2.300
1.950
1.600
1.250
0.9000
0.5500
0.2000
—0.1500
—0.5000

K)
5500

4200
3050
2200
1600
1050
750.0
450.0

200 300 100 200 0
Time (ps)

Fig. 8. Internal pressure and temperature evolution of Mg[000 1] irradiated by a laser with different pulse widths. Any coordinate position in
the figure represents the temperature or pressure at the corresponding time and depth.

3.3.1. Laser energy fluence effect

Figure 9 shows the MD snapshots of the laser ablation
process for the Mg[1010] substrate under a 6 ps laser with
varying fluence. When the laser fluence is below 100 mJ/cm?,
the atoms at the bottom of the target still maintain the HCP
structure because the pressure level of the tension wave is not
sufficient to destroy the atomic structure. With the increase
in laser fluence, the structure of the target is disrupted. This

is caused by an increase in pressure at the bottom of the sub-
strate. In addition, more atoms on the top surface absorb laser
energy and are ejected from the target surface compared to
under low fluence. This phenomenon mainly occurs in the
initial stage of ablation. To provide further details, Fig. 10
illustrates the evolution of atomic kinetic energy in the sys-
tem during the initial stage. Under irradiation with a higher

fluence laser, atoms on the surface exhibit higher kinetic en-
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ergy. When the laser energy exceeds 250 mJ/cm?, fracture and
separation occur in the bottom region of the target. This in-
dicates that the ablation penetration threshold of Mg[1010] is
between 200 mJ/cm? and 250 mJ/cm? under 6 ps laser irradi-
ation.

Figure 11 summarizes the crack initiation time and po-
sition of the Mg substrate with two crystal orientations un-
der irradiation of a laser with varying pulse widths and flu-
ences. As shown in the contour graphs, cracks appear earlier
and deeper in Mg[0001] than in Mg[1010] under laser irra-
diation with the same parameters. Additionally, both crystal
orientations demonstrate that cracks in the substrate occur ear-
lier and deeper under laser irradiation with high fluence and
short pulse width compared to under low fluence and long
pulse width. Based on Fig. 11, the ablation penetration thresh-
old of the Mg substrate under laser irradiation with different

50 mJ/cm?

100 mJ/cm?

2 eV

0eV

=0, & oW eE

Zy
7.

z=—40 mm,~

tw

Initial Pulse 3,
model peak o

150 mJ/cm?

Pulse 3,

pulse widths can be estimated. This information is crucial for
determining laser parameters in the processing of Mg-based
components.
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3.4. Morphology evolution of crater under multi-pulse
laser irradiation and experimental validation

Based on the analysis of the single-pulse laser ablation
mechanism of the Mg substrate, this section discusses the ab-
lation crater evolution of the Mg target under multi-pulse laser
irradiation via experiment and simulation. The laser param-
eters in the experiment and simulation are consistent. Each
single pulse of the multi-pulse laser has a width of 6 ps and an
energy of 300 wJ, and follows a Gaussian distribution in both
space and time. In the simulation, an additional code is used to
recalibrate the zero surface to achieve full deposition of pulse

energy.
Multi-pulse I. blati i [16]
2 p aser exper
—80 M M M M M
—10
Multi-pulse laser ablation simulation Her@  rec@ BCC@ omer D

60
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Fig. 12. Atomic structure evolution of the Mg target under irradiation
of a multi-pulse laser and validation with the multiple laser ablation
experiment in reference.!'%]

Figure 12 shows the MD snapshots of atomic structure
evolution of the bulk MD model at various distances from
the spot center under multi-pulse laser irradiation. The abla-
tion crater profile exhibits a similar evolution pattern to that
observed in the multiple laser ablation experiment.!!®! The
blue dashed line in Fig. 12 demonstrates that the curve from
the center to the edge of the ablation crater is approximately
parabolic, and the curvature of the parabola changes regu-
larly as the number of laser pulses increases. Similar to the
conclusion obtained by the experiment in reference,['®! the
trench depths increased almost linearly with the number of
laser pulses. Based on this finding, the profile curve of the
ablation crater can be expressed as

P(n,R) = A(n)R*—~2A(n)R+C(n), ®)

where A(n) and C(n) are the quadratic coefficient and con-
stant term of the parabola, respectively. To obtain the relation-
ship between the profile curve of the Mg crater and the num-
ber of pulses n and the distance from the center R, Fig. 13(a)
shows the contour depth fitting curves with different pulse
numbers. For comparison, the corresponding Gaussian dis-
tribution curve of spot fluence is also included in the figure.

Linear regression analysis was then used to calculate the co-
efficients A(n) and C(n), whose R-squared values are 0.991
and 0.993, respectively in Fig. 13(b). The morphology of the
crater profile under multi-pulse laser irradiation will be esti-
mated according to Eq. (8), which can be used as a prediction
for practical application of laser ablation machining.
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Fig. 13. (a) The fitting curve of the ablation crater profile, and (b) cal-
culation of A(n) and C(n).

MD simulation can provide a more direct demonstration
of the entire ablation process compared to experiments. Fig-
ure 14 shows the evolution of the temperature field in the sys-
tem after each pulse of laser irradiation on the target. As seen
in the figure, the high-temperature region is primarily located
on the surface of the target metal. Additionally, the central re-
gion exhibits a larger high-temperature region compared to the
edge region, and the phase transition and atomic ejection are
more pronounced. Specifically, the liquid phase explosion be-
comes more violent as the sampling position gets closer to the
spot center. At the same time, with the increase in the pulse
number, the high-temperature region noticeably shifts down-
wards. This phenomenon is caused by two factors: one is the
increase in ablation depth, and the other is the fact that the
disordered atomic structure is more prone to the occurrence of
metal bond rupture than the stable HCP structure at the bot-
tom.

The melting point of Mg is 921.95 K. Based on this tem-
perature, contour lines can be drawn in the temperature field
(Fig. 14) to analyze the melting depth of the target during
the laser ablation process. Figure 15 shows the melting depth
and final ablation depth, illustrating the complete evolution
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process of crater formation. It is known that phase transition
is an inevitable process in ablation crater formation. Con-
sequently, the two depths exhibit a similar evolution process
during multi-pulse laser irradiation, although they are not
identical. At the first pulse, the melting depth is greater than
the final ablation depth across the entire spot range, indicating
the presence of liquid residue on the target surface after the
initial laser irradiation. Subsequently, with repeated laser irra-
diation, the melting depth exceeds the final ablation depth at
the spot center. This is primarily due to the presence of high-
temperature nanoclusters above the target, which reduce the
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Fig. 14. Internal temperature field evolution of the Mg substrate under
multi-pulse laser irradiation.
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Fig. 15. The 3D surface of the melting depth and final ablation depth.

melting-depth calibration accuracy. Meanwhile, the melting
depth at the edge of the spot remains greater than the abla-
tion depth. This reflects the fact that a violent non-equilibrium
phase explosion and the relaxation of laser-induced stresses
occurred in the central region with a high fluence.

To verify the reliability of the evolution model obtained
by simulation, a multi-pulse ablation experiment on the Mg
substrate was designed and carried out. An industrial compact
picosecond laser emitter at 355 nm (COMPILER 355, Passat
Ltd., Vaughan, Canada) was used to ablate micro-holes on pol-
ished pure Mg surfaces. The construction of the optical path
in the system was completed by Beijing G-star Optics Co, Ltd.
Figure 16(a) illustrates the number of laser irradiations at dif-
ferent locations in a spot with a certain pulse overlap rate. Ac-
cording to this mechanism, the instability between pulses can
be avoided by adjusting the scanning velocity. The scanning
velocity v can be determined by the pulse number n, and we

need
D
v=—-f, )
n

where D is the beam diameter, which is between 10 pwm and
20 pm, and f is the repetition rate of the multi-pulse laser,
which is fixed at 400 Hz. Since the laser spot radius is very
small compared to the engineering component, it is often nec-
essary to continuously move to achieve the desired machining
effect. To avoid the effects of laser precision on the results
and make the evolution process of the ablation crater con-
sistent with the engineering application, scanning speeds of
100 pm/s, 120 um/s and 150 um/s were set, respectively, to
achieve 60, 50 and 40 pulse superposition, and the duration of
the laser was 0.2 s.

(a)

g substrate
~———————————> Scan direction

Fig. 16. The multi-pulse laser ablation experiment: (a) a schematic of
the multi-pulse laser ablation; (b) an SEM view of the ablation crater;
and (c) an AFM view of the ablation crater.

Figure 16(b) shows the scanning electron microscope
(SEM) image of the ablation crater after 60 pulses were su-
perimposed. Remelting and microparticle deposition can be
observed at the bottom of the crater. To obtain more accurate
depth information, an atomic force microscope (AFM) is used
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to measure the contour of the crater. As shown in Fig. 16(c),
the AFM range is 4.6 um, and the maximum depth is mea-
sured in the middle section. Figure 17 shows the depth com-
parison of the experiments and simulations, which have a sim-
ilar maximum depth. Due to the random nature of remelting
and particle deposition, the experimental results exhibit fluctu-
ations within a certain range. Nevertheless, these experimental
results validate the validity of the MD simulation. This simu-
lation method can be employed for the prediction of microma-
chining outcomes of intricate structures and for the selection
of lasers with more optimal parameters.
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Fig. 17. Depth comparisons of the experiments and simulations.

4. Conclusion

MD simulation using LAMMPS is conducted to inves-
tigate the mechanism of laser ablation of Mg films and the
evolution of craters under multi-pulse laser irradiation. These
findings can serve as a basis for precision structure process-
ing and surface texturing on Mg-based materials. The main
conclusions are summarized as follows:

(1) The response of Mg film to lasers with varying pulse
At low
laser fluences, ablation mainly occurs on the substrate surface,

widths and energy fluences is obviously different.

which is manifested as energy absorption and ejection of sur-
face atoms. However, at high laser fluences, not only the sub-
strate surface but also the entire film is penetrated due to stress
wave reflection and superposition.

(2) Due to the time distribution of the pulse laser energy,
a long pulse width laser requires more energy to achieve the
same ablation effect as a short pulse width laser. Moreover,
comparison is made between the Mg[0001] and Mg[1010]
substrates in response to laser irradiation, and it is found that
Mg[0001] is more easily ablated than Mg[1010] due to its
larger lattice constant and lower uniaxial strength. Through
simulation of the response of single-crystal Mg films to laser

irradiation with varying pulse widths and energy fluences, the
fluence threshold that can penetrate the metal film is estimated,
which is 200-25 mJ/cm? in Mg[1010] and 80-100 mJ/cm? in
Mg[0001], respectively. Additionally, the penetration thresh-
old decreases as the pulse width of the laser decreases.

(3) The simulation of multi-pulse laser ablation of Mg
substrate was carried out and compared with the experiment,
and the results were in good agreement. By observing the
evolution of the crater profile with the number of pulses, a
parabolic model from the initial surface to the deepest part
was established. It found that not only does the crater depth
increase linearly, but also the quadratic term and the constant
term of the fitted crater profile curve increase linearly with the
number of pulses. This model of crater evolution related to
laser parameters is helpful for the prediction of crater mor-
phology, which is important for understanding laser process-
ing of magnesium-based materials.
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