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Abstract: Titanium alloy is a type of high-strength material that is difficult to process. In particular,
in the aerospace field, the processing accuracy of titanium alloy is high. Recently, laser processing has
emerged as a new technology with high processing precision. However, the laser processing methods
have obvious differences in processing accuracy and effect. Among them, the laser spiral scanning
method plays an important role in welding and drilling, but owing to the complexity of the laser
molten pool behavior, there have been limited studies on the material removal mechanism based on
laser spiral scanning. To understand the variable process of titanium alloy melt pool in laser spiral
scanning processing, a light heat conduction model with mass transfer source term was simulated.
The effects of laser power, scanning speed, and scanning path on the morphology were studied. The
simulation results show that the unit energy density was the main factor for material removal, and
the distribution of the material temperature affected the size of the recast layer. The experimental
and simulation results were compared, and good agreement between them was observed. This study
can provide a research foundation for the further application of laser spiral scanning technology.

Keywords: nanosecond laser; numerical simulation; photothermal conduction; helical trepanning;
TC4; two-phase flow; level set

1. Introduction

Titanium alloy has been a commonly used material in the aerospace field, but it often
requires high-precision processing in the modern manufacturing industry [1,2]. Laser
processing is a new special processing technology with high processing accuracy that has
been developed in recent decades [3–5]. However, different laser processing methods
achieve different processing accuracy and effect. Laser scanning methods mainly include
doughnut beam mode [6], helical drilling methods [7], and laser trepanning drilling [8].
Laser trepanning drilling has the advantage of high machining efficiency but a drawback of
insufficient machining quality. The doughnut beam mode can easily lead to the formation
of a recast layer and cause repeated thermal effects. The helical drilling methods have the
advantages of controllable energy distribution and good machining quality but relatively
poor processing efficiency. Owing to the advantage of helical drilling, laser helical drilling
has been widely applied to welding [9] and drilling [10–12]. In Hongyu, Z et al. [13],
the quality of a series of micropores, such as recast layer, microcracks, roundness and
taper, produced on 304 stainless steel by a helical laser drilling system was discussed. The
formation of a recast layer with thickness of about 25 µm was detected on the side wall, and
the taper phenomenon was also observed. A laser spiral drilling technology was proposed,
which can be used to effectively manufacture high-quality micropores. As for helical
drilling methods, Shin et al. [7] reported an experimental investigation of shallow angle
laser drilling of Inconel 718. Trials to improve drilling performance were conducted. They
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found that a higher laser power, lower speed, and closer focal position to the workpiece
surface contributed to the further removal of material by the absorption of more laser
energy and larger beam intensity.

However, in the simulation model of nanosecond laser drilling, deformation geometry
is often used to track the interface change in micropores, and the change in recast layer is
tracked by dividing the heat affected zone [14–16]. The deformation geometry model can
not simulate the flow behavior of the molten pool. The simulation of molten pool behavior
is mostly used for welding rather than drilling. For the simulation of phase explosion and
other behaviors, the mathematical model has only recently been established and has not
been applied to the actual processing [17–20]. There have been fewer simulation studies
on nanosecond laser helical drilling. In the interaction between the laser and the material,
the material first absorbs the laser energy and converts it into heat energy. In this process,
the material melts and forms a molten pool to further absorb the laser energy. With the
increase in material temperature, the material vaporizes, and the degree of vaporization
increases. Under the action of the thermal stress field, the material is removed in the form
of vaporization fly-out and a small amount of liquid splash. This process is the main
process of nanosecond laser material removal. The influence range of a nanosecond laser
is concentrated near the laser spot area. However, changes in the laser scanning path
affect the accumulation of laser energy in a material, resulting in different removal effects.
Spiral scanning has often been used in actual processing, but it is time consuming. In the
nanosecond laser processing process, the main processing mechanism is the evaporation of
the processed material and the re-condensation of the material after melting. Therefore,
analyzing the interaction between laser spiral scanning and materials is crucial to explore
and master further improvements in laser processing technology.

Owing to the fact that a solid heat transfer simulation model can not accurately reflect
the interface separation generated, there have been fewer simulation studies on laser spiral
scanning. Therefore, in order to analyze the morphology forming process with the spiral
path in actual long-time processing, this paper conducted a simulation through two-phase
flow and level set method. This approach can track the separated interface. Then, the
influence of general parameters on the width and depth of morphology molding was
analyzed. The simulation model was compared with actual processing results, and good
consistency was obtained.

2. Theory and Two-Phase Flow Heat Transfer Simulation Model

The interaction between a laser and a titanium alloy during nanosecond laser process-
ing represents a complex coupling process. Owing to the short action time between the
laser and material, the solid–liquid phase transition process is ignored in this work, and
only the influence of the material’s evaporation and removal on processed morphology
is considered. Therefore, the two-phase flow heat transfer simulation model analyzed
the material removal mechanism considering the two-phase flow and temperature and
adopting the following hypotheses:

• The processing environment is uniform and isotropic in a metal material node.
• The metallic phase is transferred to the processing environment by evaporation.
• The thermodynamic parameters of the solid–liquid mixing zone in the melt change

linearly with temperature.
• Heat transfer and radiation in laser movement are considered.
• The solid metal is used as a fluid with great dynamic viscosity.

The horizontal set heat transfer model of a two-phase flow with the evaporative
transfer source term was adopted. The material phase states in the two-phase flow heat
transfer simulation model were distinguished based on two parameters, level set function
and node temperature. The metal phase and environment were distinguished by the level
set coefficient from one to zero. In the metallic phase, those below melting temperature
denote the solid phase, those above evaporation temperatures denote the gas phase, and
those in the middle represent the liquid phase. The energy conservation, mass conservation,
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and momentum conservation equations of the two-phase flow heat transfer simulation
model are as follows:

ρCp

[
∂T
∂t

+ u · ∇(T)
]
= ∇ · (k∇T) + S− Sloss, (1)

∇ · u = δ(φ)
.

m
(

1
ρg
− 1

ρl

)
, (2)

ρ

(
∂u
∂t

+ u(∇u)
)
= ∇[−PI + u(∇u)] + Psat(T)∇φ +

(
ρ− ρg

)
, (3)

where ρ is the mixing density of the metal phase; ρg is the gas phase density; ρl is the liquid
phase density; k is the thermal conductivity coefficient; S is the laser heat source; Sloss is the
heat loss term;

.
m is the mass loss; u represents the velocity of fluid; P is the pressure matrix;

and Psat is the evaporation pressure.
The laser heat source S, heat loss Sloss, and evaporation pressure Psat are respectively

given by
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(
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.
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0

)
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)
δ(φ) + Hl∇m, (5)

Psat(T) = P0e
Hg

T−Tsat
RgTsat . (6)

In the type, pmax is laser power, η is the laser absorption rate of the material, R0 is
the effective radius of the laser beam, z is defocus quantity, f (x) is the path function of
laser scanning, δ(φ) is the level set function, which indicates that the energy occurs at
the interface, Hg is latent heat of evaporation, σ0 is the Stefan–Boltzmann constant, ε0 is
radiation coefficient, h is convective heat transfer coefficient, Hl stands for latent heat
of melting, Rg is the universal gas constant, Tsat is the gas–liquid transition temperature,
Hg

.
m represents heat loss caused by evaporation of metal materials, σ0ε0

(
T4 − T4

0
)

and
h(T − T0) respectively represent energy loss caused by thermal radiation and thermal
convection, and Hl∇m stands for heat loss caused by melting of metal materials. Sloss
refers to the term of heat loss, mainly including thermal radiation and thermal convection
loss, material evaporation loss and material melting heat loss. The evaporation loss and
thermal convection loss of materials only occur on the surface directly affected by the laser,
so the level set function is used to control the loss at the gas–liquid interface of materials,
and the melting loss and thermal radiation loss of materials affected by heat play a role on
the whole surface.

3. Results and Discussion
3.1. Simulation Parameter Setting

The schematic diagram of the laser scanning path for a nanosecond laser to process
titanium alloy is shown in Figure 1. A nanosecond laser beam moves along the spiral
scanning. The default laser parameters in the simulation were as follows. The laser power
was 18 W, the pulse energy 1.8 mJ, the laser spot-size 27 µm, the repetition rate 10 kHz, the
scan speed 2.4 m/s, and the number of iterations 20. The laser spot center moved spirally
along a spiral path with an increasing radius ranging from 14 µm to 60 µm.

The numerical model of micropore ablation was established by COMSOL simulation
software. The thermodynamic parameters of TC4 used in the simulation are shown in
Table 1.
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Figure 1. Scanning path of nanosecond laser processing.

Table 1. Thermodynamic parameters of TC4.

Parameter Symbols Value (Unit) Physical Meaning

Ts 1670 (K) melting point
Tl 3200 (K) evaporation point

Cps 780 (J/kg/K) specific heat capacity of solid
Cpl 700 (J/kg/K) specific heat capacity of liquid
Ll 247 (J/g) latent heat of evaporation
Ls 6340 (J/g) latent heat of melting

mu 6 (g/m/s) dynamic viscosity

3.2. Simulation Results
3.2.1. Titanium Alloy Micro Hole Interface Evolution Process Simulation

The changing process of the titanium alloy phase transition interface with time is
presented in Figure 2, where the blue and red areas represent the gas phase and metal
phase, respectively. The color interface between the red and blue areas denotes a two-phase
mixing interface. The green line shows the isotherm of the melting temperature (1670 K).
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When the laser started processing (Figure 2a), a small pit appeared in the center of the
material. With the laser processing time and laser position shift, the material gasified, and
the depth of the micro hole increased rapidly. At the same time, the pit gradually moved to



Appl. Sci. 2022, 12, 9024 5 of 11

the left and right ends. In addition, changes in the pit’s width and depth were inconsistent,
which could be observed from the energy distribution of the Gaussian light. The laser
energy decreased exponentially from the center of the beam to the boundary of the spot.
Since the Gaussian energy distribution characteristics of the light source on the spot point
produced high temperature, which led to fast gasification of the near point of material
and produced much heat, the effect of thermal radiation was not obvious. Moreover, it
could be seen in the isotherm distribution that the heat change was concentrated near the
light source point, and the generated heat radiation did not reach the phase transition
temperature of the material after a few microns.

3.2.2. Variation Trend Analysis of Titanium Alloy Micro Hole

The variations in the micro hole’s width and depth with the laser processing time
are shown in Figure 3. As shown in Figure 3a, the micro hole’s width first increased
quickly, and then the increase slowed down rapidly. This could be due to the high energy
in the center of the laser beam that could easily cause the material to reach the gasification
temperature. Therefore, in the initial stage, the laser could easily remove the material.
However, it took a longer time for the temperature of the material far from the center of
the laser spot to reach the gasification temperature. As a result, with laser processing, the
width of the micro hole increased gradually, but the width change rate decreased gradually.
In contrast, the depth change rate of the micro hole did not change significantly during the
entire process, as shown in Figure 3b. This could be attributed to the Rayleigh range of the
Gaussian beam that was larger than the simulated thickness of 60 µm, while the energy loss
of the laser along the optical axis was lower. In addition, the reason for the slow change in
the depth change rate of the micro hole was that the processing heat residue caused a rapid
increase in the downward speed.
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3.2.3. Fluid Velocity Analysis

To study the movement process of the metal vapor further, the fluid velocity of the
metal vapor was analyzed at different times, as shown in Figure 4, where the color indicates
the velocity value in m/s. The results of the temperature simulation showed that the
metal material evaporates under the action of the laser to generate metal vapor, which
is sprayed from the bottom of the small hole to the outside of the small hole under the
pressure difference and diffuses into the surrounding air. The velocity field simulation
results show that the metal wall of the hole shaft is much higher in the steam velocity or
other areas. This may be related to the Gaussian distribution of laser energy. Because the
laser energy in the center of the laser beam is high, the central part of the material is easy to
gasify. The metal vapor in this part is dense, and the generated vapor pressure is also the
largest. Therefore, the metal vapor diffusion rate in the center of the spot is the largest and,
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the material removal rate is the highest. In actual laser processing, the metal vapor velocity
might be larger than the simulation result due to the expansion effect of plasma.
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3.2.4. Effects of Processing Parameters on Micro Hole
Laser Power Effect

The effect of the laser power on the micro hole was analyzed by changing the laser
power from 15 W to 17.5 W while keeping the other parameters unchanged. The time-
varying curves of the micro hole depth and width at different laser powers are presented in
Figure 5. As shown in Figure 5, when the laser power reached the ablation threshold, the
depth of the micro hole increased with the laser power, but its width increased only slightly.
This shows that increasing the laser power can increase the material removal speed in the
depth direction and only slightly affect the width direction. This is because the energy of
the Gaussian beam is concentrated in the center of the laser spot, and changing the energy
will have a greater impact on the energy peak of the center of the laser spot and a smaller
impact on the energy of the spot boundary. The influence of different laser powers on the
material temperature distribution at the same laser processing time is shown in Figure 6.
The green line indicates the isotherm of the melting temperature (1670 k) of the material,
and the material between the isotherm and the dark blue (air) is the material still in the
molten state at the current time. It can be seen from Figure 6 that the thickness of the molten
pool near the center of the spot at 17.5 W laser power was slightly thinner than that at 15 W
laser power. This happens because the laser power at 17.5 W makes the removal speed of
the material in the center of the spot greater than that at 15 W. There is not much difference
in the thermal diffusion rate between the two because the center temperature is close to the
evaporation temperature of the material.
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Figure 6. Simulation results for the temperature and micro hole shape at t = 0.12 ms under different
laser powers: (a) 15 W; (b) 17.5 W.

Scanning Speed Effect

The laser scanning speed effect was examined by changing the scanning speed from
1200 mm/s to 3600 mm/s while keeping the remaining parameters unchanged. Figure 7
shows the time-varying curves of the depth and width at different scanning speeds. As
shown in Figure 7, with the increase in the scanning speed, the width of the micro hole
increased, but the depth of the micro hole decreased slightly. This was because when
other conditions remained the same, the increase in the scanning speed reduced the beam
overlapping of the laser on the material surface and the removal rate. At the same time, the
decrease in the laser energy density on the micro hole wall reduced the increase in width
caused by the thermal effect.
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Scanning Path Effect

The effect of the scanning path was investigated through simulations under the same
simulation conditions, and the same initial position of the scanning path, by changing
the end path position from 70 µm to 110 µm of the scanning radius. Figure 8 shows the
time-varying curves of the depth and width for different scanning path ends. The results
indicated that with the increase in the path length, the final width of the micro hole’s shape
increased, while the depth of the increasing speed of the micro hole’s shape decreased.
This was because, with the change in the end position of the path, the final position of
the laser processing also changed, which increased the final forming width. As the path
became sparse, the laser energy density acting on the material decreased, which reduced
the removal speed in the depth direction.
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According to the above simulation data, the formulas related to the increase in speed of
micropore width and depth, power and scanning speed were fitted. The specific formulas
are as follows:

Vw = −32.6857P + 194.1667V + 8.3333PV + 30.4457
P
V

, (7)

Vh = −21.6571P− 352.500V + 29.3333PV + 53.8971
P
V

. (8)

3.3. Experimental Results

To verify the validity of the simulation model, a nanosecond laser (Light Conversion
l17771) was used to process titanium alloy samples of 60 µm under three sets of laser
processing parameters. The three-dimensional micro hole’s shape was measured by a con-
focal laser microscope (OLS4100, Olympus Corporation, Wenzhou, China). The measured
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results were compared with the simulation results obtained under the same parameters.
The parameters of the three simulation cases are shown in Table 2.

Table 2. Experimental sample and the corresponding processing parameters.

Serial Number Power (W) Scanning Speed
(m/s) Path End Angle (◦) Defocusing

Distance
Pulse Repetition

Rate (kHz) Spot Size (µm)

a 18 2400 4.3 0 100 27
b 13.5 2400 5.3 0 100 27
c 13.5 2400 6.3 0 100 27

The comparison diagram of actual processing results, simulation results and the three-
dimensional scanning graph are shown in Figure 9. The simulation results showed that
there was a bulge in the center of the micro hole’s shape, which denoted the residual
materials after laser processing. In actual processing, these residual materials will remain
on the substrate due to the lack of support. There was an error of approximately 25%
in the width direction, but the wall of the micro hole’s shape and the radian at the laser
inlet were similar, which could be caused by a machining mechanical error. For case
c (Table 2), the radius of the outermost scanning path reached 116 µm, but the actual
diameter was only 96 µm. This could be attributed to the scanning path deviation caused
by an installation error of the machining platform. By comparing the combination of the
simulated phase transition interface and the temperature gradient map with the actual
machined 3D topography, it was found that the taper of the actual micro hole’s shape was
related to the thickness of the region from the solid–liquid transition line to the gas–liquid
transition line in the simulated temperature gradient. This indicated that the taper of the
micro hole’s shape was caused by the flow of the molten metal that was not cooled down
after the laser processing. This conclusion is consistent with the conclusion of Andrius
et al. [21] obtained on the basis of experimental results of picosecond single-line repeated
processing. They found that when the repeated time number reached a certain value, the
increase in the processing times or energy density could lead to a rapid increase in the
width, but the depth of the micro hole’s shape would decrease gradually.
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4. Conclusions

In this study, the application of a nanosecond laser in practical engineering processing
was numerically simulated. The long-time simulation results for the phase transition after
nanosecond laser processing were discussed. Four states of material passing through
two phases and temperature gradients were defined, and fluid dynamics were applied
to the model. After a long-time simulation, the complex molten pool fluid behavior of a
nanosecond laser was explained based on the interaction between the metal fluid and the
steam. The simulation results were consistent with the actual data, and the effectiveness
of the simulation model was verified. Based on the fact that solids are regarded as fluids
with great viscosity coefficients, the complex nanosecond laser long-term processing model
could be transformed into a time-domain thermodynamic fluid motion model to simulate
materials. The characteristics of the micro hole’s shape predicted by the simulation model
were compared with the experimental results, and the following conclusions were derived:

• A two-phase flow heat transfer model for nanosecond laser processing of titanium
thin plate was established. The simulation model of microporous perforation was
provided, which made up for the deficiency of deformation geometry simulation for
perforation simulation.

• The model described the change in micropore shape under a spiral path and simulated
the temperature distribution in the plate. By analyzing the isotherm and the shape of
micropores, the movement behavior of molten pool was explained, and the thickness
of the recast layer was displayed intuitively.

• The shape of the morphology depended on the distribution of laser energy. The shape
obtained in the actual machining was consistent with the shape predicted by the
simulation model. The flow change in the molten pool in the model explained the
formation principle for a small number of fillets at the entrance of the material and the
micro hole taper in the micro hole machining.

• With the increase in laser energy, the material removal rate, the depth and diameter of
the morphology increased. The effect of laser energy on the morphology was more
significant than other process variables. The relationship between laser power and
scanning speed and the depth and width of micropores was established.

• The simulation model can be used as a prediction tool to select the best optical param-
eters to ensure the product quality and lowest cost of laser processing. In order to
ensure the high efficiency and quality of laser processing, we should first select the
appropriate laser energy parameters (such as the type and power of the laser), and
then control the scanning speed, scanning path and other parameters to optimize the
processing process.
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