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Femtosecond laser ablation is widely applied in high-precision machining of microholes in aeroengine turbine blades. To further explore
the mechanism of action during the laser processing of microholes, numerical simulations were performed on the basis of a molecular
dynamics (MD) method coupled with a two-temperature model (TTM). Laser irradiation on the surface of copper for different
femtosecond-laser processing parameters is investigated in this work. Through the femtosecond-laser single-pulse central ablation
simulation model, the laser energy flux density in a Gaussian laser spot range was discretized and analyzed to calculate the ablation depth
at multiple points separately. The cross-sectional morphology of the femtosecond-laser single-pulse ablation pits was approximated and
fitted. Finally, a 3D simulation model of the whole process of multiscale femtosecond-laser spiral processing microholes was established
by superimposing multipulse femtosecond-laser spiral trajectories. This provides a theoretical basis for analyzing the evolution of

geometric parameters and morphological characteristics of the hole during machining with specific laser and process parameters.

1. Introduction

The machining accuracy and quality of microholes are
crucial for improving microhole efficiency and guaranteeing
engine energy efficiency. However, the existence of micro-
holes damages the structural integrity of turbine blades. The
stress concentration around the hole and the microstructural
defects of the hole wall caused by the hole-making process
cause film-cooling holes to be the most frequent cause of
blade failure [1]. Hence, an effective technology for
microhole processing is of great significance [2].

In recent years, Laser drilling is widely used in many
neighborhoods as a controllable machining technology
based on laser ablation [3]. Especially femtosecond laser
processing has become one of the mainstream technologies
for turbine-blade microhole processing due to its various
advantages, such as being ultrafast and ultraintense as well as
having a small heat-affected zone [4]. Based on numerical
simulations of the femtosecond laser ablation of metal

targets, researchers have conducted many theoretical studies
on the energy transfer within the material and the subse-
quent ablation process of the material [5-10]. To better
elaborate on the physical nature of the femtosecond laser
ablation of metallic materials, some researchers have pro-
posed a two-temperature model with molecular dynamics
(TTM-MD) [11-13]. It can characterize both the absorption
of the laser energy by electrons inside the material and the
energy exchange processes between electrons and lattice
systems after ultrafast laser irradiation of the surfaces of
metallic materials. Furthermore, it describes the material
phase transition processes at the atomic/molecular level after
lattice thermalization. Dong et al. [14] investigated the ab-
lation depth of the focal point moving downward at different
velocities at different pulse intervals by means of a modified
two-temperature equation. Li et al. [15] introduced a 3D
two-temperature model (TTM) to simulate femtosecond
ablation on the aluminum film to investigate the three-di-
mensional temperature evolution of electrons lattices and
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precisely predict the shape hole before ablation take place.
Foumani et al. [16] used TTM-MD to investigate the re-
sponses of copper films at different laser energy densities.
Based on the simulations using this model, the dependence
of the copper film reflectivity on the laser energy flux and the
evolution of the thickness, electron temperature, and lattice
temperature with time were calculated. Previous studies
often focused on the ablation mechanism of single or
multiple pulses to explore the evolution of small holes
forming. These studies were limited to the research scale and
by other factors. The development of theoretical models is
still immature, and the existing models are difficult to use to
guide engineering practice.

In the process of femtosecond laser hole drilling, in
addition to the influence of the material properties and the
process parameters during laser ablation, the process also
has a significant impact on the processing quality [17-20].
Research around the world on the femtosecond laser hole-
making process mainly focuses on two aspects: annular
cutting and spiral processing [21]. See et al. [22] at the
University of Manchester established a preliminary quan-
titative mapping relationship between the laser energy pa-
rameters and the hole diameter and depth based on many
physical experiments of femtosecond laser drilling on single-
crystal nickel-based alloy specimens. Mishra et al. [23]
analyzed the effects of the geometric parameters, such as
hole depth and taper, on the propagation characteristics of
subsequent pulses. They established a two-dimensional
axisymmetric finite element model for multipulse laser
perforations. The optimal combination of laser parameters
based on experimental data was confirmed using a neural
network and gray correlation analysis, which enabled the
effective control of the taper of small holes and the extent of
the heat-affected zone. A research team from Huazhong
University of Science and Technology investigated the effect
of relative motion between a laser and material on hole
formation. At the University of Stuttgart, Germany, physical
experiments on annular drilling were conducted based on a
four-light wedge rotation system, demonstrating that the
quality achieved by annular drilling was significantly im-
proved compared to that by percussion drilling [24]. Yin
etal. [25] found that femtosecond laser spiral machining can
better handle high depth-to-diameter ratio holes, but the
relationship between the geometric evolution process of
small hole formation and the main processing parameters
during spiral hole making is unclear. Moreover, there is a
lack of model guidance for the optimization of processing
parameters.

Based on the TTM-MD model, the ablation process of
the surface of copper material irradiated by a femtosecond
laser is simulated in this paper. The influence of different
laser energy parameters on the ablation mechanism of the
material is revealed, and the ablation depth is calculated. In
addition, according to the mapping relationship between the
femtosecond laser energy parameters and the ablation
morphology, combined with the analysis of the laser focus
trajectory during processing, a multiscale three-dimensional
(3D) model of the whole process of femtosecond laser spiral
processing of microholes is established. The study provides
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model support and a theoretical basis for the process op-
timization of the femtosecond laser spiral processing of
microholes.

2. Calculation Model

2.1. Combined Two-Temperature Model with Molecular Dy-
namics (ITM-MD). The TTM-MD model is widely used to
describe the mechanism of action of femtosecond laser ir-
radiation on the surfaces of metallic materials [26]. The
conventional TTM describes the evolution of the energy
between photons, electrons, and lattices by two coupled
nonlinear differential equations. Electrons are excited by the
laser, and the ion-lattice system is then heated through
electron collisions which transfer their energy [27]. Mo-
lecular dynamics (MD) describes the phase transitions that
occur during metal ablation and the material removal
process at the atomic scale. MD compensates well for the
shortcomings of the TTM in the description of phase
transitions. Thus, a combination of the two is considered.
The equations of the TTM-MD are as follows:

T, o (. T
¢ —(ke—e) ~G(T,-T)) +S(x1),

Cg? " ox ox

(1)
. T
m;i¥; = F; +EmV;,

where C, and C; represent the electron and lattice heat
capacities, respectively, T; and T, represent the lattice and
electron temperatures, respectively. Thus, k, is the thermal
conductivity which varies with the ratio of electron tem-
perature over lattice temperature, and G is the electron-
phonon coupling coeflicient. S(x; f) is the laser source term,
which represents the laser energy input. It is represented as
follows:
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where A is the surface transmittance, t, is the pulse width, «
is the absorption coefficient of the material, F is the energy
flux of the laser, and x is the distance of the calculated
position from the surface position of the material. m; and r;
represent the mass and displacement of the first atom, re-
spectively, F; is the force exerted between atoms, #; is the
first-order derivative of the displacement with respect to
time, 7; is the second-order derivative of the displacement
with respect to time, and £ is the velocity equilibrium factor.
& is expressed as follows [11]:
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where # is the number of atoms, V' is the volume of each
layer of atoms, and V! is the speed of thermal motion of the
atoms.

(4)
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2.2. Atomic-Level Simulation System. Metallic copper is
widely used in modern industry, and its thermal physical
parameters are relatively well known. Thus, metallic copper
was selected as the simulation object in the model for
theoretical study to establish the atomic level system. Copper
crystals are face-centered cubic (fcc), and the typical atomic
distribution of this fcc stacking structure is shown in
Figure 1.

In the investigation of the effect of changing the single-
pulse laser parameters on the changes of the temperature
field and the ablation results of the system, the model size
was 6ax6ax150a, corresponding to actual sizes of
2.619nm x 2.619nm x 54.225nm, and the total atomic
number of the system was 21,600. In the calculation of the
ablation depth, it is necessary to increase the size of the
system. The model size was expanded to 6ax6a x500a,
corresponding to an actual size of
2.619nm x2.619nm x 180.75nm, and the total atomic
number of the system was expanded to 72,000.

Due to the enormous spatial scale spanning from the
atomic level to the macroscopic level, the computational
volume of the MD simulation would increase dramatically
with the increase in the system size. Limited by the com-
putational volume, the size range of an MD simulation
system is much smaller than an actual laser irradiation area.
Therefore, periodic boundary conditions (PBC) were used
around the simulation region, which were infinitely ex-
pandable in all directions, thus significantly reducing the
computational effort while ensuring computational accu-
racy. Under the PBCs, atoms leaving from one side of the
boundaries at a certain speed will enter from the opposite
side of the boundary at the same rate, thus ensuring a
constant number of atoms in the whole system and effec-
tively eliminating the effect of the boundary effects.

Laser energy has a spatial distribution along the laser
propagation direction [28]. When exploring the effect of
changing the parameters of the single-pulse laser on the
temperature field change and ablation results of the system,
free boundary conditions were used at both ends of the
simulated region, and the atoms were free to move in this
direction to facilitate the study of the material evolution
process at the atomic level, which corresponded to the actual
irradiation and ablation process of a metal film by a fem-
tosecond laser.

When calculating the ablation depth, free boundary
conditions were used at the top of the laser incidence, fixed
boundary conditions were used at the bottom, and a con-
stant-temperature heat bath at 300 K was added. The laser
energy transmitted to the bottom was absorbed, and the
energy was considered to be transferred deeper into the
material, thus more accurately simulating the ablation of the
block target by the femtosecond laser. The dimensions and
boundary conditions of the models are shown in Figure 2.

A system with a fixed atomic number but not a fixed
energy is considered, and the canonical ensemble was
chosen for the MD simulations. In addition, in the MD
simulations, different potential functions should be used for
different substances. Due to the special nature of metallic
materials, the two-body or three-body potential between

FIGURE 1: Schematic diagram of a single cell of a copper crystal.
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FIGURE 2: Dimensions and boundary conditions of the model.

atoms cannot accurately describe the interparticle forces
within the metal and thus cannot achieve the computational
accuracy required. The potential function that is commonly
used is embedded atom model (EAM) [6, 29]. According to
the density functional theory (DFT), the nucleus will be
affected by the electrostatic effect of the background electron
cloud in addition to the repulsion of other nuclei in the
system. Therefore, the potential function can be divided into
two parts: the interaction energy between the nuclei and the
mosaic energy of the nuclei with the background electron
cloud. The first part can be approximated by a two-body
potential, while the second part is a multibody interaction
and cannot be approximated by a two-body potential. The
mathematical expression for the embedded atomic potential
is as follows:

i Ta) n(Sn)) o

i#f i#f

where F, is the embedding function, which is the energy
required to embed an atom i of type « in the electron cloud,
p,, is the electron density generated at the a-type atom, r;j is
the distance between the two atoms, and ¢, is the two-body
potential between the a-type and B-type atoms.

3. Results and Discussion

3.1. Effect of Different Process Parameters on Ablation
Mechanism. The laser parameters are listed in Table I.
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TaBLE 1: Different energy densities for femtosecond laser ablation.

Group Pulse width (fs) Energy flux (J/m?)
1.1 300 1000
1.2 300 2232
1.3 300 3188
14 300 4782

Figure 3 shows the electron temperature curves and lattice
temperature curves of the material surface under different
laser energy flux conditions. Due to the fixed laser pulse
width, the maximum temperature of the lattice increased
with the increase in the pulse energy. The electron tem-
perature all reached the highest temperature at 0.3 ps, and
the maximum temperature of the lattices all appeared at
1.4 ps.

The atomic snapshots after VMD visualization and
stitching are illustrated in Figure 4. The film did not undergo
a phase transition after laser energy injection, but a slight
periodic elongation and shortening phenomenon occurred.
This phenomenon was explained by the fact that, at lower
energy densities (1000 J/m*m?), the lattice temperature at
which the electron-lattice system was in equilibrium was low
and was not sufficient to cause the material to undergo a
phase transition. When the laser energy flux increased to
2232]/m?, as shown in Figure 4(b), the surface on that side
of the laser irradiation showed partial ablation, and a certain
number of atoms were removed from the surface of the film
(circle 1 in Figure 4(b)), followed by a more pronounced
thermal expansion effect of the film. Figure 4(c) shows that
when the laser energy flux increased to 3188 J/m?m?, the
ablation was more intense, clusters of atoms were removed
from the system (circle 1 in Figure 4(c)), and primary nu-
cleation within the material was evident (circle 2 in
Figure 4(c)). As shown in Figure 4(d), when the laser energy
flux was further increased to 4782]/m?, the film first un-
derwent intense thermal expansion at 0-5 ps. Furthermore, a
large number of atoms broke away from the system, with
more nucleation and more intense melting inside the ma-
terial. The solid mechanical stress caused by the thermal
expansion and the melting inside the material caused the
film to undergo lamellar cracking.

3.2. Effect of Different Process Parameters on Ablation
Mechanism. To better understand the ablation process and
to relate the numerical simulation results to the actual
punching process, it is necessary to calculate the ablation
depth. Increasing the calculation system and the calculation
time step is essential to obtain more effective simulation
results. In the calculation of the ablation depth, the laser
parameters were set, as shown in Table 2.

The ablation depths of copper under irradiation with
single-pulse femtosecond laser irradiation at different energy
densities are shown in Figure 5.

Figure 5(a) shows the atomic snapshot of the expanded
system within 120 ps after irradiation by a single pulse with
an energy flux 3188J/m?. The system expanded rapidly
within 0-10 ps and generated bubbles by an internal phase
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transformation. A large number of atoms broke away from
the system. The maximum depth of the bubble nucleation
was about 20nm from the surface, and the bubbles con-
tinued expanding until the material underwent layer
cracking. With an increase in the energy flux to 4782 J/m?, at
10 ps, many atomic clusters already appeared at the melting
front of the laser incident surface, and a violent phase
transition occurred inside the material. The maximum
nucleation depth was about 25 nm, and the layer cracking
effect was more evident at the laser energy density of
3188 J/m?. The etching of the material was complete at 40 ps,
and the thermal expansion of the material continued. After
100 ps, the effect of the laser on the material stopped. The
ablation depth of the material was 16 nm, as illustrated in
Figure 5(b). As shown in Figure 5(c), with the increase in the
laser energy flux to 6377]/m?, the phase change on the
material surface was more intense. Furthermore, due to the
further growth of the lattice superheat ratio, the lattice
disorder on the material surface was more significant. The
cavities were denser, with more clusters of atoms leaving the
system at 10 ps, and the farthest bubble was generated 32 nm
from the surface. The material underwent more lamellar
cleavage during the etching process, and the thermal ex-
pansion effect disappeared at 100 ps. However, some atoms
continued leaving the system, and the ablation depth was
22nm at this time. The ablation depth and intensity of the
material both increased with the laser energy flux. To in-
vestigate the relationship between the ablation depth of the
material and the laser energy flux, the laser energy flux
continued to increase to 7971 J/m?. A new atomic snapshot
was formed, as shown in Figure 5(d). Within 10ps, the
lattice 20nm from the surface rapidly began to become
disordered, more material was etched away, and the final
ablation depth reached 47 nm.

The variations of the ablation depth with the laser energy
flux in the simulated ablation results and physical ablation
experiments from the literature are compared in Figure 6
[30]. The calculated values of the laser ablation depth in the
laser energy range simulated in this paper were in excellent
agreement with the experimental values from the literature,
further verifying the model’s accuracy. The ablation depths
induced by a single pulse of the femtosecond laser were all on
the nanometer scale. There are often thousands of vibrations
in actual gas-film-hole femtosecond laser spiral processing,
so more factors need to be taken into account. A complete
multiscale simulation model of the microhole femtosecond
laser spiral processing will be developed as follows.

3.3. Simulation Model of Whole Process of Multiscale Three-
Dimensional (3D) Laser Spiral Machining of Air Film Holes.
Limited by the scale of the computational space, the above
MD simulations only showed the ablation depth of the
material at the center of the spot during the single-pulse
ablation of the femtosecond laser. The size was only on the
order of tens of nanometers, while the sizes of spots and
complete ablation pits are typically on the order of microns.
This scale gap makes it almost impossible to directly predict
the ablation crater morphology of femtosecond-laser single-
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FIGURE 3: Surface electron and lattice temperatures at different energies: (a) surface electron temperature and (b) surface lattice temperature.
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FIGURE 4: Schematic diagram of atomic snapshots at different energy flux: (a) 1000 J/m?, (b) 2232]/m?, (c) 3188 J/m?, and (d) 4782 J/m?.

TaBLE 2: Laser parameter settings for the second group of

calculations.

Group Pulse width (fs) Energy flux (J/m?)
2.1 300 3188

2.2 300 4782

2.3 300 6377

2.4 300 7971

pulse ablation by MD simulations. An approximate simu-
lation method for predicting the ablation crater morphology
of Gaussian-type femtosecond laser pulses—the ‘patchwork
method’—was proposed [31]. The methods assumed that the
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energy distribution of the laser spot obeys a Gaussian dis-
tribution, and different distances from the center of the spot
will correspond to different laser energy flux. This can
produce different ablation depths, and the calculated results
from different locations are spliced to obtain the approxi-
mate ablation pit morphology. Different from this, this paper
improves the patchwork method by using polynomial fitting
to fit polynomial curves to multiple discrete “laser energy
density-ablation depth” calculations to obtain a complete
morphological characterization of femtosecond laser single-
pulse ablation pits. The simulation results of the laser energy
flux and ablation depth calculated above are listed in Table 3.
It was assumed that 7971 J/m? was the peak energy flux of the
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FIGURE 5: Schematic diagram of atomic snapshots at different energy densities: (a) 3188 J/m?, (b) 4782 J/m?, (c) 6377 J/m?, and (d) 7971 J/m?.
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FiGUure 6: Comparison of ablation depth with laser energy.

laser, and polynomial curve fitting was performed on several
sets of data to obtain complete single-pulse ablation crater
morphology of the femtosecond laser, as shown in Figure 7.

The laser beam was scanned along a specific trajectory to
achieve layer-by-layer material removal and ultimately
achieve particular processing requirements in the laser spiral
processing of microholes. For the femtosecond-laser spiral
processing of microholes, an optical wedge system is com-
monly used to control the laser optical path. The laser beam
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TaBLE 3: Laser energy flux and ablation depth simulation results.

Energy flux Ablation depth (nm)
3188 J/cm? 7.5
4782 J/cm? 16
6377 J/cm? 22
7971 J/cm? 47
-0.005
-0.01
-0.015
-0.02
g 002
=
2 -0.03
<
-0.035
-0.04
-0.045
-0.05 L L L 1 1 1 Il

r/pum

FiGure 7: Femtosecond-laser single-pulse ablation crater mor-
phology fitting results.

moves along the laser trajectory. Since the laser source is a
pulsed laser, the motion of the spot on the irradiated material
surface is discontinuous from a microscopic perspective. The
spot center is distributed along an Archimedean spiral.
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TaBLE 4: Femtosecond-laser spiral machining process parameters.
Parameter Value
Pulse width 250 fs
Repetition frequency 10kHz
Rotational angular velocity 3000 rpm
Spot diameter 15 ym
Number of spot trajectory turns 10
Maximum spot trajectory radius 100 ym

Y/um
o

-100

-100 -50 0 50 100

X/pm
(a)

®)

FIGURE 8: Distribution of spot centers of multiple laser pulses: (a) simulation and (b) actual processing.

Based on the actual system, the equal-linear-velocity
case was considered in this paper when modeling the
femtosecond-laser spiral processing. The spot center had
a uniform moving rate in the plane. The spot centers of
multiple laser pulses were distributed equidistantly along
an Archimedean spiral. The distances between two ad-
jacent spots were equal, and the overlap rate was kept
constant. The actual femtosecond laser spiral processing
process parameters are shown in Table 4. Based on the
characterization of the laser trajectory of this paper, the
distribution of the spot center of multiple laser pulses is
plotted in Figure 8(a), and the actual processing of the
spot center distribution is shown in Figure 8(b), where
each small circle represents a spot. Comparing the two
figures, the spot center distribution trend was basically
the same.

Based on the results from fitting the morphology of the
single-pulse ablation crater of the femtosecond laser and the
analysis of the spot distribution in the spiral trajectory of the
multipulse femtosecond laser, the simulation calculation of
the whole process of spiral processing of the microholes by
the femtosecond laser was carried out. Figure 9 shows the
simulation results of the central cross section of the
microholes obtained by femtosecond-laser spiral processing
with the given laser parameters. After one layer of spiral
machining, the maximum machining depth of about 500 ym
was obtained near the center. The depths of the holes
generally tended to decrease along the radial direction, but
there were small fluctuations. The local ablation depth
exhibited a slight sudden increase, the ablation depth did not

-100

-200

-300

Z/ym

-400 —

-500 —

-600 T I I
-150 -100 -50 0 50 100 150

Y/um

FIGURE 9: Simulation of the central cross section of the film-cooling
hole obtained by femtosecond-laser spiral processing.

strictly decrease along the radial direction, and the entrance
diameter of the hole was around 200 ym. As the spot moved
from inside to outside along the spiral track for ablation, the
spot density at the center of a hole was significantly higher
than that at the edge. The number of ablations at a point near
the center was higher than that at points at the border, so the
depth of ablation is greater at the center of the hole than at
the edge. The sudden increase in the local depth can be
attributed to the direct passage of the spot center, resulting in
a better local ablation effect than that between the spot
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FIGURE 10: Schematic diagram of the actual ablation cross-section
structure.

trajectories. The impact of the spiral trajectory is evident in
many locations in the figure (such as the area shown by the
circle in Figure 9). The above simulation results qualitatively
revealed the direct influence of the femtosecond-laser spiral
trajectory on the formation results of microholes. In addi-
tion, the actual ablation cross section was shown in Fig-
ure 10, where the red box was the abnormal protrusion that
occurred during the actual machining process. Comparing
the simulated results with the actual ablation results, the
trends roughly matched.

4. Conclusion

In this paper, the effects of different laser energy flux on the
copper ablation process are investigated based on TTM-MD.
In addition, a cross-scale 3D simulation model of the whole
process of femtosecond laser spiral processing was estab-
lished. The main conclusions are as follows:

(1) When the laser energy flux is small, the superposi-
tion of the tensile stress wave generated inside the
material and the unloaded compressive stress wave
will cause the copper film to produce periodic
stretching; as the laser energy flux increases, more
holes will be formed inside the material, the phase
transition will become more and more intense, and
more atomic clusters will break away from the
material surface.

(2) Based on the quantitative mapping of laser param-
eters-single pulse ablation crater morphology,
superimposed on the characterization of femtosec-
ond laser spiral trajectory, a cross-scale simulation
model of the whole process of femtosecond laser
spiral processing of microsmall holes is established.
The model can be used to analyze the geometric
parameters and morphological evolution of the hole
during processing with specific laser parameters and
process parameters.
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