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A B S T R A C T

Laser machining has become increasingly popular given the ability of this manufacturing technique to process a
wide range of materials over multiple length scales, i.e., from the micro to the macroscale. In this work, a
meshless numerical model based on Smooth Particle Hydrodynamics (SPH) was developed and tested to simulate
pulsed laser ablation of aluminium in the nanosecond regime. In this model, the material removal mechanism
was based on phase explosion and evaporation in contrast to existing, although still scarce, SPH-based models of
laser ablation. In particular, the distinguishing characteristic of the proposed model is that it not only predicts the
surface recession due to phase explosion, but also captures the ablation depth due to evaporation at low laser
intensity regime. In addition, compared to previous research reports where SPH was employed to simulate laser
ablation, the model developed here also comprehensively considered the temperature dependence of the ma-
terial thermophysical properties as well as the temperature and wavelength dependence of its optical properties.
The predicted ablation depths of aluminium following single pulse irradiation were in good agreement with four
experimental data sets from two independent experimental studies. These experimental data enabled testing the
developed model over a wide range of laser parameters, specifically a pulse fluence value between 0.5 J/cm2 and
46.5 J/cm2, a pulse duration spanning from 0.5 ns to 35 ns and a wavelength for the incident laser comprised
between 515 nm and 1064 nm.

1. Introduction

Laser machining is currently employed in an expanding range of
sectors as it is becoming increasingly popular due to its unique advan-
tages compared to traditional material removal technologies. As a
flexible and contactless machining method, laser processing can deliver
very low to extremely high energy from 1 kW to 100 kW within a pulse
duration ranging between 10− 3 s and 10− 15 s to any substrate [1]. Laser
ablation, as one of the possible laser processing applications, aims to
remove material precisely with minimal damage to the workpiece. Laser
ablation encompasses a range of more specific techniques such as laser
surface cleaning and laser drilling, for instance. Three main material
removal mechanisms have been presented in the literature to describe
and model pulsed laser ablation [2]. First, evaporation is a basic mate-
rial removal mechanism at various laser intensities and timescale. It has
been regarded as the main material removal mechanism by some re-
searchers when building numerical models of the process with a view to
predict the laser ablation depth [3,4]. In particular, the evaporation rate
in these reports is calculated based on the surface temperature using the

Hertz-Knudsen equation. Second, normal boiling has also been consid-
ered as a potential removal mechanism. However, it is unlikely to take
place on the nanosecond time scale, as the motion of bubbles is too slow
to have any physical significance in this case [5]. Third, in addition to
evaporation and normal boiling mechanisms, phase explosion, or
explosive boiling, is also a possible material removal phenomenon,
which has already been observed during nanosecond pulsed laser
ablation [6]. In the case of phase explosion, the liquid metal is super-
heated and when its temperature becomes close to 90 % of its critical
temperature, the heterogeneous nucleation rate increases sharply,
resulting in breaking down of the liquid phase near the surface and the
subsequent ejection of liquid and vapour. When considering nanosecond
pulsed laser ablation, phase explosion has been regarded as an efficient
material removal mechanism [2].

To optimise machining parameters and predict the laser ablation
depth, some researchers have proposed the application of finite element
(FE) [3,7] and finite volume (FV) based computational models [8].
Although such mesh-based numerical models can generally produce
reasonable outcomes, they may not always be suitable for simulating
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laser ablation as the process involves free surfaces and multiple phase
interfaces [9]. Furthermore, these mesh-based methods may lose accu-
racy when the studied domain is on the micrometre or sub-micrometre
scale [10]. To overcome the aforementioned limitations of mesh-based
modelling techniques, Smooth Particle Hydrodynamics (SPH), a
Lagrangian-based mesh-free method, has been applied by a few re-
searchers in recent years to simulate laser processing. Initially proposed
by Lucy [11] and Gingold and Monaghan [12] in 1977 to capture
astrophysical phenomena in the free boundary domain, SPH has been
utilised for simulating various engineering problems over the last three
decades. In the case of laser processing, SPH has been applied for the
simulation of laser welding [13,14] and laser powder bed fusion addi-
tive manufacturing [9,15] given the ability of this modelling approach
to capture highly non-linear deformation and complex particle motion.
In comparison, reports of SPH models for laser ablation are rarer despite
the intrinsic advantage of SPH to simulate this specific process as well. In
2013, Muhammad et al. proposed a simple SPH model to investigate
laser drilling and showed that the technique bears some interesting
potential to produce simulation results [16]. It should be noted however,
that the thermal and optical properties of the irradiated material were
assumed to be constant by these authors and that this can result in a lack
of simulation accuracy. A few years later, Cao and Shin [17] built a novel
multiscale hydrodynamics model combined with molecular dynamics
and SPH to investigate phase explosion under high laser fluence irra-
diation and simulated melt ejection from the melt pool for aluminium
and copper workpieces. With this approach, the data interfaces and the
boundary conditions between various parts of the developed algorithm
may potentially reduce the accuracy of the combined model. In 2017,
Alshaer et al. [10] proposed a new SPH model to predict the ablation
depth of cavities created by processing an aluminium workpiece with
nanosecond pulsed laser irradiation. The material removal mechanism
considered by these authors was based on the normal boiling scenario
and neglected the latent heat of fusion and evaporation. Besides, the
material properties were also assumed to be constant, i.e., not temper-
ature dependent. It is argued that these factors can have an impact on
the accuracy of the results and may not reflect the realistic scenario of
the laser ablation process.

Based on the somewhat limited body of current research on the SPH
simulation of laser ablation, it can be said that there is still a need to
develop an enhanced and robust SPH computational model for this
specific laser process. In particular, the material removal mechanism
considered in the existing SPH models of laser ablation was normal
boiling, whereas evaporation and phase explosion could be the most
realistic mechanism, especially at the nanosecond time scale. Hence, it
would be prudent to develop a computational model for the laser
ablation process based on evaporation and phase explosion to explore
the potential of the SPH method in predicting the depth of generated
craters. For this reason, such a model was implemented and tested in this
paper. In addition, to further enhance the proposed SPH model, tem-
perature and wavelength dependent material properties were also taken
into account.

2. SPH methodology

In SPH simulations, the computational domain is divided into a set of
particles, each assigned with a certain mass, density, position, velocity,
and other physical properties. The interactions between each particle
are controlled by the discrete SPH form of governing equations within
the range of the smoothing length. Fig. 1 shows the particle i and its
surrounding particles j with their interaction zone defined by a kernel
function.

A continuous function f(r) can be transferred into a fundamental SPH
discretisation form through two approximations, namely the kernel
approximation and the particle approximation [18]. With the kernel
approximation, the integral and rigorous smoothing form of a function,

f(r) =
∫

δ(r − rʹ)f(rʹ)drʹ (1)

is converted into a finite form via replacing the Dirac delta function
δ(r − ŕ ) by a smoothing function, W(r − ŕ , h), as expressed below:

〈f(r) 〉 =
∫

W(r − rʹ, h)f(rʹ)drʹ (2)

In the above equation, r is a position vector, and h is the smoothing
length, which is used to determine the influence of each particle on its
surrounding particles based on their inter-particle distances. Next, the
continuous form of the kernel approximate of a function is transferred
into a discrete summation over the neighbouring particles with the
particle approximation, as follows:

〈f(ri) 〉 =
∑N

j
Wijf

(
rj
)mj

ρj
(3)

where N is the total number of neighbouring parti-
cles, Wij = W

(
ri − rj, h

)
is the smoothing function and mj and ρj are the

mass and density respectively of the neighbouring particles. From the
Eq. (3), the SPH discretisation of the derivative of a function f(r) can be
obtained by transferring the differential onto the smoothing function as
follows:

〈∇f(ri) 〉 =
∑N

j
f
(
rj
)mj

ρj
∇iWij (4)

Through the kernel and particle approximations, the SPH form of
governing equations of specific engineering problems can be formu-
lated. Several kernel functions are available in the literature; the
Gaussian kernel, the Quadratic kernel, and the Quintic kernel to name a
few. In this work, the Cubic Spline kernel function defined by Monaghan
[19] was employed due to its compact support, continuous second de-
rivative and the order of accuracy [19]. This Cubic Spline kernel func-
tion can be expressed as below:

Fig. 1. Schematic of neighbouring particles j and i interaction within a
kernel support.
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f(x) = aD

⎧
⎪⎪⎪⎪⎪⎨
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1 −
3
2
q2 +

3
4
q3, 0 ≤ q ≤ 1

1
4
(2 − q)3 1 ≤ q ≤ 2

0 q ≥ 2

(5)

where q = rij/h for which rij is the distance between particle i and par-

ticle j, and aD is a constant (aD = 10/
(
7πh2

)
in 2D and aD = 1/

(
πh3
)

in

3D).

3. Model description

3.1. Governing equations of laser source and heat transfer

The differential equation governing the heat transfer problem be-
tween the incident laser beam and the irradiated material can be
expressed as follows:

Cp
dT
dt

=
1
ρ∇(k∇T)+Qlaser − Qloss (6)

where Cp is the heat capacity, ρ is the density, k is the thermal con-
ductivity,Qlaser is the laser heat source, andQloss is the heat loss. The heat
conduction term, 1

ρ∇(k∇T), can be written in SPH form as follows [20]:

Cp,i
dTi

dt
=
∑

j

mj

ρiρj

(
4kikj
ki + kj

)(
Ti − Tj

r2ij

)

rij⋅∇iWij (7)

where Cp,i is the heat capacity of particle i, ki and kj are the thermal
conductivity of particle i and particle j, respectively, mj is the mass of
particle j, rij =

⃒
⃒rij
⃒
⃒ is the distance between particle i and j, and rij is the

relative position vector. In this model, the particles on the top surface of
the workpiece material are irradiated by the laser source and some
portion of heat is lost due to convection and radiation. Therefore, in
addition to the heat conduction term, the laser source and the heat loss
term should be considered for these particles, as below:

Cp,imi
dTi

dt
=
∑

j

mimj

ρiρj

(
4kikj
ki + kj

)(
Ti − Tj

r2ij

)

rij⋅∇iWij +Qlaser − Qloss (8)

The heat loss term, Qloss, is due to convection and radiation and is
given by [16]:

Qloss = Ap
[
hc(Ts − T0)+ εσB

(
T4
s − T4

0
) ]

(9)

where Ap is the surface area considered the heat loss, Ts is the temper-
ature of the surface particle, T0 is the ambient temperature (assumed to
be 300 K), hc = 20 W/(m2⋅K) is the convection factor, ε = 0.09 is the
emissivity, and σB = 5.67 × 10− 8 W/(m2⋅K4) is the Stefan–Boltzmann
coefficient. According to the Beer-Lambert law, the laser intensity
absorbed by the workpiece material at a given depth is calculated as:

I(z) = (1 − R)I0(r, t)[1 − exp( − αz) ] (10)

where R is the reflectivity, I0(r, t) is the laser irradiance, r is the radial
distance from the beam centre, t is the time, α is the optical absorption
coefficient and z is the vertical distance into the workpiece material from
the surface. At room temperature, the optical absorption coefficient of
aluminium is in the order of 108 m− 1, while the calculated minimum
optical absorption coefficient of liquid aluminium below 0.8Tc is about
4.2 × 107 m− 1 (see subsequent Section 3.3). The particle spacing used in
this model was 0.2 μm. Thus, the application of the Beer-Lambert law at
a temperature below 0.8Tc results in up to 99.98 % of the laser energy
being absorbed by one particle spacing, even at the minimum optical
absorption coefficient. Hence, the laser energy can be approximated as
being absorbed completely by one particle spacing when their

temperature is below 0.8Tc. In addition, once the temperature of liquid
particles is above 0.8Tc, their semi-transparent optical property has been
simulated by setting a high value of heat conductivity (further details are
provided in the subsequent Section 3.3). Consequently, the laser source
can be approximated as being only absorbed by one particle spacing at
various temperatures, as follows:

Qlaser = Ȧp(1 − R)I0(r, t) (11)

where Ȧp is the irradiated area. The simulated nanosecond pulsed laser
source has a Gaussian intensity profile in time, which was approximated
here with the following expression [21]:

I(t) = Imax,t
(

t
tmax

)7

exp
[

7
(

1 −
t

tmax

)]

(12)

where Imax,t is the peak laser intensity during a laser pulse and tmax is the
time at which the laser irradiance reaches its peak value. In the SPH
model developed here, the intensity in space was approximated to be
homogeneous because the area irradiated by the simulated laser beam
was 4 × 4 μm2, which is significant smaller than the beam spot diameter
in the experiments against which the SPH simulations were compared
[22,23]. However, it should be noted that the experimentally measured
ablation depth values are from the deepest point in the crater to the
surface. Hence, the maximum laser intensity of the beam area was used
in the developed SPH model to perform a viable comparison between the
numerical results obtained in this work and the experimental data in
[22,23]. Compared to the mesh-based numerical models, it is not
straightforward to allocate the laser source to the particles in SPH
computational domain. Additional numerical treatment is needed to
determine the laser source absorbed by the particles. For instance,
Alshaer et al. [10] and Muhammad et al. [16] used a particle-based
method to identity the free surface particles and then activated the
laser source on them. The computational step that identifies the free
surface particle involves the calculation of position divergence of par-
ticles as:

∇⋅ri =
∑

j

mj

ρj
rji⋅∇iWij (13)

For a given particle i, the more surrounding particles j it possesses,
the higher value of ∇⋅ri. Typically, the number of neighbours for surface
particles is less than that for interior particles. Therefore, a threshold of
∇⋅ri = 2.4 was set empirically to determine the surface particle [16]. If
∇⋅ri < 2.4, then the particle is considered to be on the specimen surface.
This method is straightforward and effective in identifying the free
surface when it is flat, and the particle motion is moderate. However, in
cases where the surface of the sample is rough or the particle motion is
more pronounced, this method may not be able to capture all the free
surface particles because it relies on the divergence of particle position.
In particular, when modelling the laser ablation using SPH, particles can
be ejected forcefully from the target, and it may not be straightforward
to capture these irradiated particles using this approach. Therefore, a
more accurate method based on an algorithm similar to that presented in
[9] was developed to activate the laser source for the particles. As shown
in Fig. 2, the method involves three steps:

1. Partition the particle volume onto a 3-dimensional grid and record
the volume fraction of each generated cube. In particular, the size of
a cube is set as half of the particle spacing. Fig. 2 shows the working
principle of the algorithm using a 2-dimensional projection, where a
cube is represented as a square in this case. In particular, the squares,
i.e., cubes, with a more pronounced coloration are those with a
relatively higher volume fraction.

2. Apply the laser beam source from the top to the bottom of the grid
and activate this source to each cube. For this step, it is possible to
employ the Beer-Lambert law to account for the portion of laser
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source absorbed by a given cube based on its equivalent thickness,
namely the volume fraction multiplied by the cube thickness. Such
an elaborated procedure can be found in [9]. However, it was not
implemented in this study due to the limited resolution of the grid
and the extremely high value of the optical absorption coefficient of
the material considered here. In this paper, the laser source is
approximated to be linearly absorbed by twice the cube thickness
which corresponds to one particle spacing.

3. Transfer the laser source of the cubes back to the particles.

3.2. Material removal mechanism

As mentioned in the Introduction section, the evaporation and phase
explosion could be the most feasible and realistic material removal
mechanism in nanosecond laser ablation. Consequently, these were
considered to be the material removal mechanisms to be taken into
account in this research. At the beginning of phase explosion, a dense
region of vapour bubbles is generated in the superheated melting pool
due to a rapid homogeneous nucleation rate. Once the temperature of
the superheated liquid is close to the critical temperature, the liquid
phase breaks down, which results in the release of vapour and small-
scale liquid droplets from the target surface [5]. In the case of
aluminium, the homogeneous nucleation rate has been calculated by
Marla et al. [8] and found to increase sharply for temperatures above
0.86 of the critical temperature. In another study, Mazzi et al. estimated
the temperature ratio of aluminium for phase explosion on a nanosecond
time scale to be 91 % of the critical temperature [24]. Therefore, in the
present work, phase explosion is assumed to occur instantly when the
liquid temperature increases to 91 % of the critical temperature. In
particular, once the temperature of surface particle reaches this tem-
perature threshold, the surface particle is assumed to be ejected instantly
from the target with a one-dimensional Maxwellian velocity in the
normal direction. The value of ejected velocity was approximated as
[25]:

v =

̅̅̅̅̅̅̅̅̅̅

2kbT
πma

√

(14)

where kb is the Boltzmann constant and ma is the atomic mass. This
equation is expected to be a good approximation when the surrounding
pressure is much less than the vapour pressure [10]. Before the tem-
perature increases to the threshold of phase explosion, evaporation
could take place at the target surface, resulting in material removal due
to evaporation. To capture the surface recession due to evaporation, the
mass of surface particle is updated at every time step according to the
evaporation rate. The evaporation rate is estimated by the Hertz-
Knudsen equation as [21]:

ṁ = β
̅̅̅̅̅̅̅̅̅̅̅̅̅
ma

2πkbT

√

Pv (15)

where ṁ is the evaporation rate [kg/(m2⋅s)], β = 0.82 is the vaporisation
coefficient [21], and Pv [Pa] is the evaporation pressure, which can be

estimated from the simplified Clausius-Clapeyron equation as [26]:

lgPv = A0 − B0/T (16)

where A0 and B0 represent constants associated with material proper-
ties. For aluminium, A0 = 11.79 and B0 = 1.594 × 104 [26].

3.3. Material properties

The material properties considered in this research included ther-
mophysical and optical parameters. Thermophysical properties,
including density, thermal conductivity, and heat capacity, were
approximated to be function of temperature, while optical properties,
namely reflectivity and optical absorption coefficient, were modelled as
temperature and laser wavelength dependent. The reflectivity of solid
aluminium was considered to be constant, while for the liquid phase, it
was calculated using Fresnel equations [27]:

R(T) =
[nR(T) − 1 ]

2
+ n2

I (T)
[nR(T) + 1 ]

2
+ n2

I (T)
(17)

where nR(T) and nI(T) are the real and imaginary parts of the refractive
index, respectively. When the temperature of the liquid aluminium was
below 0.8Tc, the values of nR(T) and nI(T) were calculated as follows
[4,27]:

nR(T) =

⎧
⎨

⎩

1
2

[(

1 −
c2μ0γσ
γ2 + w2

)]

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 −
c2μ0γσ
γ2 + w2

)2

+
c4μ2

0γ4σ2

[γ2w+ w3]
2

√ ⎫
⎬

⎭

1
2

(18a)

nI(T) =

⎧
⎨

⎩

1
2

[(
c2μ0γσ
γ2 + w2 − 1

)]

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 −
c2μ0γσ
γ2 + w2

)2

+
c4μ2

0γ4σ2

[γ2w+ w3]
2

√ ⎫
⎬

⎭

1
2

(18b)

When the liquid temperature of the aluminium workpiece was above
0.8Tc, then the value of the real and imaginary parts of the refractive
index were calculated with the expressions below [4]:

where c is the speed of light, σ is the electrical conductivity, μ0 is the
vacuum permeability, ε0 is the vacuum permittivity, w = 2πc/λ is the
laser frequency at wavelength λ, and γ is the electron collision frequency,
which can be calculated from the simple Drude model [27]. Finally, the
optical absorption coefficient below 0.8Tc was calculated as [4,8,27]:

α =
4πnl(T)

λ
(20)

The material properties used in this model are summarised in
Table 1. It should be noted that once the liquid temperature approaches
the critical temperature, i.e., above 0.8Tc, a significant reduction of
electron density occurs, which can make the liquid to transform into a
dielectric liquid, and as a result become semi-transparent to the incident
laser [21]. Furthermore, with the increase of dielectric liquid tempera-
ture to 0.9Tc, the dielectric liquid could become even more transparent

nR(T) =

{
1
2

[(

1 −
γσ

(γ2 + w2)ε0

)]

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 −
γσ

(γ2 + w2)ε0

)2

+
γ4σ2

[γ2wε0 + w3ε0]
2

√ }1
2

(19a)

nI(T) =

{
1
2

[(
γσ

(γ2 + w2)ε0
− 1

)]

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 −
γσ

(γ2 + w2)ε0

)2

+
γ4σ2

[γ2wε0 + w3ε0]
2

√ }1
2

(19b)
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to the incident laser [28]. However, it is not straightforward to quantify
the semi-transparent property of the dielectric liquid. Hence, to simulate
this phenomenon, a simple assumption is proposed here. In particular,
when the temperature of the liquid phase is above 0.8Tc, its heat con-
ductivity is assumed to be one order of magnitude greater than the value
of solid aluminium, i.e., 2000 W/(m⋅K). The reflectivity of the target is
one of the most sensitive material properties for laser processing as it
determines the laser energy absorption rate. The calculated reflectivity
and optical absorption coefficient of liquid aluminium at 532 nm and
1064 nm wavelength are shown in Figs. 3 and 4, respectively.

3.4. Numerical implementation

The developed SPH meshless numerical model was implemented
using the modified open-source Fortran code ‘SPHysics’ [33], which was
originally created to simulate water flow. To adapt this code for laser
ablation simulations, the governing equations and material properties
presented in Sections 3.1 to 3.3 were incorporated into the Fortran code.
In a previous research, Alshaer et al. [10] conducted a transient heat
transfer analysis to investigate the optimum particle spacing to be used
in SPH model. It was found that the simulated temperature values ob-
tained from SPH model with 0.2 μm particle spacing were in good
agreement with the analytical results [10]. Hence, in this study, a 3-D
computational domain of dimension 4.8 × 4.8 × 10.4 μm3, which
comprised 29,952 particles with particle spacing of 0.2 μm between
them, was created. The domain included two layers of thermal boundary
particles located on the side and bottom surfaces. These boundaries were
used to cool the adjacent particles by heat conduction. This is realistic
for many laser material processing scenarios given that the workpiece
can act as a heat sink as it is normally much larger than the laser spot size
in practice. As mentioned earlier, the laser irradiance area was set to be

4 × 4 μm2, not including the boundary particles. At the beginning of the
simulation, all particles were assumed to be at room temperature.
Furthermore, a variable time step with maximum step size set at 5 ×

10− 12 s was used in this work to ensure that the temperature change and
the mass loss due to evaporation between two consecutive numerical
iterations lied within a small range. More specifically, the maximum
temperature change permitted was 30 K, and the mass loss permitted
was <0.1 % of the particle mass before evaporation took place. Further
details of the computer implementation are given in Appendix A.

4. Simulation results and comparisons with experimental data

The temperature evolution in time of the aluminium target for a 10
ns pulse at 515 nm wavelength and for a fluence of 7.5 J/cm2 is shown in
Fig. 5. In particular, this figure shows the temperature history at the
centre of the beam, from the irradiated surface down to 0.8 μm in depth.
The physical properties of the ejected aluminium, which is a highly
compressed vapour mixed with small liquid droplets, are not available in
the literature. Therefore, once the particle is ejected from the target, its
temperature and velocity are assumed to be constant and is no longer
influenced by the surrounding computational domain. Besides, the
governing field equations are not employed in the presented model due
to the uncertainty of physical properties of the superheated liquid during
phase explosion. According to Eq. (14), the velocity of the ejected ma-
terial at 0.91Tc, can be calculated and was found to be around 1130 m/s,
which is the same order of magnitude as the experimentally measured
values in [34], i.e., from 1800 to 7000 m/s. Once material is expelled
from the target, further interaction with the laser beam may keep
increasing the vapour velocity. As mentioned earlier, when the liquid
temperature increases above 0.8Tc, the liquid could become semi-
transparent to laser beam. Hence, the expected surface temperature

Table 1
Material parameters used in this study.

Parameter Temperature Value Units

Melting temperature (Tm) 933 [27] K
Critical temperature (Tc) 7164 [29] K
Critical density (ρc) 300 [29] K
Latent heat of fusion (Lm) 3.999 × 105 [30] J/kg
Density (ρ) T ≤ Tm 2852.5 − 0.5116T [4] Kg/m3

T > Tm
ρc

[

1 + 0.75
(

1 −
T
Tc

)

+ 6.5
(

1 −
T
Tc

)1/3
]

[4,27]

Thermal conductivity (k) T ≤ 400 226.67 + 0.033T [4] W/(m⋅K)
400 < T < Tm 226.6 − 0.055T [4]
Tm ≤ T < 0.8Tc 2.45T/

(
12.4729 + 1.3605 × 10− 2T

)
[4]

Specific heat capacity (Cp) T ≤ Tm 0.5203T + 643.9 [31] J/(kg⋅K)
T > Tm 1160 [31]

Electrical conductivity (σ) T > Tm
3 × 104

[

1 + 110
(

1 −
T
Tc

)3.6
+ 52

(

1 −
T
Tc

)0.9
]

[8]
S/m

Reflectivity (R) T ≤ Tm 0.92 [32]
T > Tm Eqs. (17)––(19a), (19b)

Optical absorption coefficient (α) Tm < T < 0.8Tc Eq. (20)

Fig. 2. Adopted algorithm for activating the laser source to particles.
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increase can be slightly lower between 0.8Tc and 0.91Tc, as shown in
Fig. 5.

Fig. 6 illustrates the 3-D view and the corresponding side view of
laser ablation evolution within the aluminium target at different times, i.
e., t = 4, 5, 6, 8 and 10 ns. As the laser temporal intensity is Gaussian, the
laser irradiance is higher in the middle of the pulse duration, which
results in the surface recession occurring primarily after 5 ns.

The simulated ablation depths obtained from the proposed model
were compared with experimental data in [22,23], which collectively
cover a wide range of laser wavelength, pulse duration and laser fluence

values. Fig. 7 shows the predicted ablation depths under fluence values
between 5 J/cm2 and 35 J/cm2 using a 10 ns pulse at 515 nm laser
wavelength. In the reported experiments, lasers with two scan speeds
were employed to irradiate the target. The experimental data with
triangular markers presented in Fig. 7 were obtained with a laser at a
high scan speed, which could ensure the irradiated areas did not overlap.
Nevertheless, the data with square markers are the estimated single
pulsed ablation depth from craters created with multiple pulses for
which the measured depth was divided by the number of pulses. As a low
scan speed was employed to irradiate the target, it results in the overlap
of irradiated areas. It can be found that the ablation depths created by a
single pulse is greater than the estimated single pulsed ablation depths
from multiple pulses at the corresponding laser fluence. This could be
due to the fact that the shielding effect of ejected material is greater in
the case of multiple pulse irradiation, as the authors commented in [22].
As shown in Fig. 7, the magenta line is the simulated single ablation
depths obtained from a previously reported SPH model [10]. While
these results are in agreement with the multi-pulse experiment data to
some extent, it may not be viable to compare the simulated single-pulse
ablation depths with multi-pulse experiment data. Moreover, when
these results are compared with the single-pulse experiment data, a large
difference can be found. Using the SPH model developed in this work,
the predicted single-pulse ablation depths have a good agreement with
the corresponding single-pulse experimental data. At high laser fluence,
the predicted ablation depths tend to be overestimated compared to
experimental data. This could be due to the shielding effects of the
ejected material, as the shielding effects could be greater at higher laser
intensity. Hence, the rate of increase of experimental ablation depths
can be reduced with the increase of laser intensity. This phenomenon
can be observed in numerous nanosecond laser ablation experiments of
aluminium [22,34–37]. Considering the factors mentioned above, it can
be said that the simulated crater depths are still in reasonable agreement
with the experiment data obtained from [22].

Additionally, another laser ablation experiment of aluminium with
1064 nm laser wavelength and a 0.5 ns pulse duration were also

Fig. 3. Calculated reflectivity of aluminium as a function of temperature for wavelengths of 515 nm, 532 nm and 1064 nm.

Fig. 4. Calculated optical absorption coefficient of aluminium as a function of
temperature for wavelengths of 515 nm, 532 nm and 1064 nm.
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reported in [22]. It should be noted that the ablation depths in that
experiment were created with a high laser scan speed to avoid pulse
overlap. Fig. 8 shows the predicted ablation depths under fluence values
between 0.5 J/cm2 and 20 J/cm2, and the corresponding experimental
data. Due to the short pulse duration, i.e., 0.5 ns, an extremely high laser
intensity is reached between 5 J/cm2 and 20 J/cm2, i.e., from 21.5 GW/
cm2 to 86.2 GW/cm2, respectively. Consequently, when the temperature
of the surface layer particles reaches the phase explosion threshold, the
lower layer particles remain at solid phase, and the physical property of
these particles is nearly unchanged. Therefore, the predicted laser
ablation depth has a linear correlation with laser intensity.

Colina and co-workers conducted laser ablation experiments on
aluminium using two laser systems, namely a 532 nm ND: YVO4 laser

with 10 ns pulse duration and a 1064 nm ND: YAG laser with 35 ns
pulses [23]. Besides, these experimental laser ablation depths were
generated by irradiating the target with a single pulse. The predicted
ablation depths for a range of fluence values from 8.7 J/cm2 to 21.1 J/
cm2 corresponding to the experiments conducted with the ND: YVO4
laser are shown in Fig. 9. It can be said that the simulation results ob-
tained with the SPH model are in reasonably good agreement with the
experiment data.

Fig. 10 illustrates the predicted ablation depths for fluence values
between 9 J/cm2 and 46.5 J/cm2 for a 35 ns pulse at 1064 nm laser
wavelength. This simulated data corresponds to the experiments also
conducted by Colina and co-workers but with the ND: YAG laser system
in this case [23]. The data indicated with the green square markers are

Fig. 5. Temperature evolution in time from the aluminium surface to 0.8 μm in depth along the axis corresponding to the centre of the beam for a laser wavelength of
515 nm, a fluence of 7.5 J/cm2 and a pulse duration of 10 ns.

Fig. 6. 3-D view and corresponding side view of the simulated laser ablation evolution within the aluminium target using a laser wavelength of 515 nm, a fluence
7.5 J/cm2 and a pulse duration of 10 ns.
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the predicted ablation depths without considering the mass loss of sur-
face particle due to evaporation and thus, phase explosion is modelled as
the only material removal mechanism. When comparing the two simu-
lation results, it can be noticed that the evaporation has significant in-
fluence on the laser ablation depth at lower laser intensity, and in
contrast, the influence of phase explosion on the ablation depth gradu-
ally dominates with the increase of laser intensity. Moreover, the abla-
tion depth due to phase explosion increases from 0 to 0.2 μm between
12.9 J/cm2 and 17.4 J/cm2 for which the corresponding peak laser in-
tensity is from 0.79 GW/ cm2 to 1.07 GW/ cm2. This range of laser

intensity values is in good agreement with the phase explosion threshold
obtained in [6,27]. As shown in Fig. 10, a better agreement can be
observed between the simulation results and the experimental data at
higher laser fluence, whereas a relatively larger difference exists at
lower laser fluence. This difference may be due to the existing surface
roughness of the workpiece. In particular, the roughness of the target in
the experiment [23] is 0.7 μm, while the surface of the simulated target
was assumed to be completely smooth. In the case of the low ablation
depth, the estimated laser absorption rate may be underestimated, as the
reflection of laser light between the surface roughness was not

Fig. 7. Predicted ablation depth for a 10 ns pulse with fluence values ranging from 5 J/cm2 to 35 J/cm2 at 515 nm laser wavelength.

Fig. 8. Predicted ablation depth for a 0.5 ns pulse with fluence values ranging
from 0.5 J/cm2 to 20 J/cm2 at 1064 nm laser wavelength.

Fig. 9. Predicted ablation depths for a 10 ns pulse and for fluence values
comprised between 8.7 J/cm2 and 21.1 J/cm2 at 532 nm laser wavelength.
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considered in this model.

5. Conclusions

In this paper, a SPH-based numerical model of nanosecond pulsed
laser ablation, which considered phase explosion and evaporation as the
material removal mechanisms, was developed and implemented to
predict the depth of single craters on an aluminium target. The proposed
model comprehensively considered the temperature dependence of the
target thermophysical properties as well as the temperature and wave-
length dependence of its optical properties. Governing equations and
varying material properties were implemented based on a Fortran open-
source code. The predicted laser ablation depths were found to be in
good agreement with four sets of experimental data obtained from two
independent experimental studies, which together cover a wide range of
laser fluence, pulse duration, and wavelength values. Besides, it was
found that the evaporation has significant effect on the resulting abla-
tion depth at low laser intensity regime, i.e., below 1 GW/ cm2, whereas
the effect of phase explosion dominates the ablation depth gradually
with the increase in laser intensity. In addition, depending on specific
experimental conditions, the shielding effect of ejected material above
the melt pool could cause an attenuation of the incident laser intensity.
The shielding effect, however, was neglected in the proposed model. It is

acknowledged that incorporating this effect into the developed numer-
ical model should be an important step for future research.
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Appendix A

Fig. 11 shows the flow chart of the computer implementation of the model presented in this study. MATLAB was used for data visualization.

Fig. 10. Predicted ablation depths for a 35 ns pulse with laser fluence values between 9 J/cm2 and 46.5 J/cm2 and at 1064 nm laser wavelength.
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Fig. 11. Flow chart of computer implementation of the model described in this work.
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