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A two-dimensional, transient model is proposed to study the dynamic process of keyhole formation and the
material changes during both the laser-on and -off periods. The keyhole shape, temperature field, and velocity
field are analyzed. The results indicate that the dynamic changes of the target material in the laser-off period
have a great influence on the final structure of the keyhole.
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Laser processing is of great importance in modern industry
due to its advantages, which include low cost, fast speed,
and high accuracy[1]. During laser manufacturing, the laser
beam is focused on the work piece to create specific struc-
tures via its thermal effects[2]. It is worth noting that the
laser-matter interaction involves complex physical proc-
esses, including heating, melting, evaporation, boiling,
melt ejection, and plasma generation, etc.[3]. In order to
analyze the laser manufacturing process, both experimen-
tal and numerical methods have been widely used[4–15].
Voisey et al.[4] discussed melt ejection during experimental
laser drilling. Wei et al.[5] experimentally studied the mech-
anisms of spiking and humping formation in keyhole weld-
ing. However, it is difficult to observe the dynamic changes
in the whole process using experimental methods, since
they often have complex operating steps and expensive
setups. Numerical simulations have overcome these draw-
backs and can depict the complex phenomena with high
accuracy and efficiency. The Level Set Method[9–11] and the
volume of fluid method[12–14] are two approaches that are
often used to simulate the dynamic process in laser manu-
facturing. With these methods, laser drilling, cutting, and
welding can be well described. Zhang et al.[11] simulated
the morphology of the keyhole with various laser pulse du-
rations during laser drilling. Ganesh et al.[13] studied the
processes of melting and solidification in the melt pool.
Leitz et al.[14] presented the flow phenomena of the metal
vapor inside the keyhole, and Song et al.[15] simulated the
temperature field of the target in the laser drilling process
using the birth-death element method via ANSYS.
These numerical calculations are capable of reflecting

the dynamic process of the laser-material interaction with
high accuracy and resolution. However, most of these
studies only focus on the keyhole evolution when the laser
is on, and subsequent changes when the laser is powered
off are rarely reported. In our study of laser drilling with
the volume of fluid method, it is found that the shape of
the keyhole still changes after the laser is powered off. The
changes cannot be ignored because they clearly increase

the depth of the keyhole and have an important influence
on the final configuration of the keyhole.

Here, to the best of our knowledge, we are the first to
present a two-dimensional transient laser keyhole-drilling
model that is able to show the thermal and flow fields to-
gether with the evaporation process in order to study the
dynamic process of laser-off period in detail. The proposed
model could easily capture the solid-liquid and liquid-gas
interfaces as well as describe the process of keyhole evolu-
tion in real time. Moreover, the effectiveness of the model
is confirmed by the experiments.

The scheme of the numerical model is explained in
Fig. 1. The laser pulse is focused on the target surface, and
there is air above the target. The laser pulse can be
adjusted with different energies and pulse widths, etc.,
and different target materials could be studied using this
model. Additionally, the following basic assumptions are
necessary in this model:
(1) The initial temperature is T0 ¼ 300 K.
(2) The molten metal and gas in the computation region

are assumed to Newtonian and incompressible; the
fluid flow is laminar flow.

(3) The properties of the metal in both liquid and solid
form are constant and not affected by the temperature.

(4) The Boussinesq approximation is considered.
To reflect the laser-material interaction exactly, the

numerical model considers a series of important physical

Fig. 1. Scheme of numerical model.
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procedures such as phase change, heat and mass transfer,
and fluid flow. The governing equations[16] are composed of
conservation of mass, conservation of momentum, conser-
vation of energy, and a volume fraction function[12], as

∂ρ
∂t

þ divðρuÞ ¼ 0; (1)

∂u
∂t

þ u· ∇u ¼ −
1
ρ
∇pþ ν· Δuþ Fsa þ Fre þ g−

Fvol

ρ
;

(2)

∂E
∂t

þ u· ∇E ¼ p
ρ
þ div uþ k

ρ
ΔT þQ

ρ
; (3)

∂ρiϕi

∂t
þ u· ∇ρiϕi ¼ ρiϕidiv u; (4)
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X
i

ρiϕi ; ρE ¼
X
i

ρiEi ; k ¼
X
i

kiϕi ;
X
i

ϕi ¼ 1; (5)

where E, Fsa, Fre, g, Fvol, Q, p, u, T , t, ϕi , k, ν, and ρ are
the internal energy, surface tension, recoil pressure, gravi-
tational acceleration, volume force, surface heat source,
pressure, velocity, temperature, time, volume fraction
function, thermal conductivity, kinematic viscosity, and
density, respectively. The last term on the right-hand side
in Eq. (2) represents the flow governed by Darcy’s Law in
the mushy zone[17]. When the mushy zone becomes
completely solid at the liquid-solid interface, Fvol goes
to infinity and u is reduced to zero[18].
In Eq. (3), E is the internal energy and contains the en-

thalpy of melting and evaporation, which is described as a
function of temperature according to[19]

EsðTÞ ¼ csðTÞ ðfor solid metalÞ; (6a)

EmushðTÞ ¼ EsðTm − dTÞ þ Lmf s ðfor mushy regionÞ;
(6b)

ElðTÞ ¼ EsðTm − dTÞ þ Lm þ clðT − Tm − dTÞ
ðfor liquid metalÞ; (6c)

EvðTÞ ¼ ElðTvÞ þ Lv þ ðcl þ csÞðT − TvÞ∕4
ðfor vapor metalÞ; (6d)

where f s is the volume fraction of the solid metal in the
mushy region[20], dT is the half-temperature interval
across the mushy zone, cs and cl are the specific heat of
the solid and liquid phase, ðcl þ csÞ∕4 is assumed to relate
to the specific heat of the vapor, Tm and Tv are the melt-
ing and evaporation temperatures, and Lm and Lv are the
latent heat of fusion and evaporation.
In Eq. (3), Q can be expressed as Q ¼ ηI q − qvap. I q is

the laser power density, whose spatial distribution is
Gaussian.

I q ¼
2E0

πr20τ
exp

�
−
2x2

r20

�
: (7)

The temporal distribution of the laser is expressed as

gðtÞ ¼
�
1; 0 ≤ t ≤ τ
0; t ≥ τ

; (8)

where E0, τ, η, r0 and x are the laser energy, pulse width,
absorption coefficient of the material, focal radius, and the
position, respectively. qvap is the heat loss due to evapora-
tion, which can be determined as qvap ¼ ρvevpTv. Here,
vevp is free surface recession speed due to evaporation
and is deduced by reading the work of Ki et al.[10].

To match up the above-mentioned governing equations,
boundaries conditions are needed. On the exterior boun-
daries of the substrate, the heat efflux are calculated
according to the local convection and thermal radiation,
as given in

k
∂T
∂n

¼ hcðT − T0Þ þ σsεðT4 − T 4
0Þ: (9)

At the interface, the hydrodynamic boundary condition
is also needed, and can be obtained as[21]

μ
∂ðu· sÞ

∂n
¼ ∂σ

∂T
∂T
∂s

; (10)

where ∂σ
∂T

∂T
∂s is the Marangoni effect. Such a driving force is

caused by the gradient of the surface tension along the ra-
dial direction. n and s are the radial and tangential unit
vectors of the free surface, respectively. σs is the Stefan–
Boltzmann constant, ε is the surface emissivity, ∂σ

∂T is the
temperature coefficient of the surface tension, hc is the
convective heat transfer coefficient, and T0 is the ambient
temperature.

The corresponding properties of the aluminum and
constants used in the simulation are listed in Table 1.

In order to apply the numerical model, as well as verify
its accuracy, corresponding experiments were imple-
mented and the experimental data were compared with
the simulation results, as discussed below.

Experiments were performed using a millisecond-pulsed
Nd:YAG laser beam system (Melar-50) with a pulse width
of 1000 μs, a wavelength of 1064 nm, and tunable energy.
A flat aluminum sheet with a thickness of 4 mm was
chosen as the target, and the laser beam was focused onto
the front surface of the target with a focal radius of
∼300 μm. The cross section of the keyhole was obtained
via the wire cut method, and the diameter and depth of
the drilled holes were measured using a reading micro-
scope (JL107J). The features of the hole were also
observed under this microscope. Figure 2(a) is the numeri-
cal result of the cross-sectional shape of the keyhole with
irradiated laser energy of 4.86 J, while Fig. 2(b) shows the
experimental result with the same conditions in the sim-
ulation. Comparisons of the keyhole shape for both the
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simulation and the experiment indicate that the proposed
numerical model accurately reflects the laser drilling
process.
Moreover, in order to compare the numerical and exper-

imental approaches quantitatively, the keyhole depth and
width with different laser energies are also analyzed, as
shown in Table. 2. With the higher laser energy, both the
keyhole depth and width increase. Moreover, the numeri-
cal results fit well with the experimental data, which
further proves the reliability of the numerical model.
With the certification of the numerical model, the laser

drilling process in the experiment can be analyzed via
numerical simulation for the sake of simplicity, high
accuracy, and efficiency. Figure 3 illustrates the dynamic

process of the keyhole evolution at different moments in
both the laser-on and laser-off periods with a laser energy
of 4.86 J and a pulse width of 1000 μs. It is clear that in the
laser-on period, the depth of the keyhole keeps increasing.
However, when the laser pulse is off, the depth of the key-
hole still increases. In fact, the keyhole depth increased by
nearly 20% after the laser pulse was turned off. This re-
veals that studying the dynamic changes in the laser-off
period is of great importance in laser manufacturing.

In order to analyze the dynamic processes in the laser-
off period in detail, we also calculated the temperature
fields, as shown in Fig. 4, with the same observation mo-
ments as Fig. 3.With the laser on, the temperature rapidly
increased to reach the boiling temperature of aluminum
(2793 K). Melting and evaporation occur almost simulta-
neously, and the vapor-induced recoil pressure squeezes
the molten material out of the keyhole and ejects it into
the air. Additionally, high temperature gradients on the
melt pool surface lead to large surface tension gradients
and induce the Maragoni convection: the thermo-capillary
force drags the liquid metal from the irradiation center to

Table 1. Properties of Aluminum and Constants in
Simulation.[22,23]

Nomenclature (unit) Symbol Value

Melting/evaporation
temperature (K)

Tm∕Tv 933/793

Solid/liquid density (kg∕m3) ρs∕ρl 2702/2385

Solid/liquid specific heat
(J/m/K)

cs∕cl 917/1080

Solid/liquid conductivity
(W/m/K)

ks∕kl 237/100

Latent heat of fusion/
evaporation (J/kg)

Lm∕Lv 3.6 × 105∕
1.09 × 107

Temperature coefficient of surface
tension (N/m/K)

∂σ
∂T −0.3 × 10−3

Dynamic viscosity (Pa s) μ 1.6 × 10−3

Convective heat transfer
coefficient (W∕m2∕K)

hc 20

Radiation emissivity (W∕m2∕K4) ε 0.2

Absorption coefficient η 0.26

Stefan–Boltzmann constant
(W∕m2∕K4)

σs 5.67 × 108

Focal radius (μm)/Pulse
width (μs)

r0∕τ 300/1000

Fig. 2. (a) Numerical and (b) experimental comparisons of the
keyhole shape with a laser energy of 4.86 J. The white bar rep-
resents 0.5 mm.

Table 2. Numerical and Experimental Data for Both
Keyhole Depth and Width.

Energy
(J)

Deptha

(mm)
Depthb

(mm)
Diametera

(mm)
Diameterb

(mm)

1.22 0.894 0.902 0.518 0.523

2.07 1.322 1.313 0.752 0.741

3.13 1.448 1.420 0.824 0.817

4.86 1.523 1.510 0.872 0.870

6.31 2.070 2.109 0.863 0.875

8.01 2.745 2.693 0.901 0.920

10.20 3.120 3.131 0.943 0.958

13.27 3.439 3.357 1.052 1.046
aExperiment.
bSimulation.

Fig. 3. Image sequences of the keyhole fabricated by a single
laser pulse with a laser energy of 4.86 J in both the laser-on
and -off periods. The white bar represents 1 mm.
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the periphery of the melt pool and enhances the heat
transfer in the lateral direction. With the laser off, the
temperature decreases. But in the early stage of the laser-
off period, the temperature remains higher than the melt-
ing temperature of aluminum (923 K), which still can
induce material splash. However, in the late stage, as the
temperature falls below aluminum’s melting temperature,
the liquid metal solidifies and accumulates in the bottom
of the keyhole. So there is a tiny decrease in the keyhole
depth later in the laser-off period.
The velocity of the splash shown in Fig. 5 is able to

explain the dynamic process in both the laser-on and -off
periods. As the temperature distribution goes higher than
aluminum’s boiling temperature, the splash is acute and
obvious. In the laser-off period, as the temperature goes
down, the splash rapidly decreases as well, since there is
no more input energy. When the temperature is below
aluminum’s melting temperature, the splash nearly
disappears.
The dynamic changes of the keyhole shape, tempera-

ture, and velocity fields shown in Figs. (3)–(5) depict
the laser drilling process in both the laser-on and -off peri-
ods. From the simulation, we can conclude that not only is
the process when the laser is on worth studying, since it
has a great influence on the keyhole structure, but the

dynamic process in laser-off stage is also of great impor-
tance. It is seen that the features of the keyhole still change
when the laser is off.

In conclusion, a two-dimensional transient model for
simulating millisecond-pulse laser drilling is proposed as
an example to study the dynamic process in the laser-
off period. With the quantitative analysis of the keyhole
structure, temperature distribution, and velocity field,
we clearly show that the dynamic changes in the laser-
off period are of great significance in product quality con-
trol. The research proposes a potential way for detailed
study and analysis during the laser-off period in laser
manufacturing. Meanwhile, the study also provides guid-
ance and a reference for double- and multi-pulse studies in
laser manufacturing, in order to gain a better understand-
ing of the energy coupling between the target and
subsequent laser pulse.

This work was supported by the Program for Postgrad-
uates Research Innovation at the University of Jiangsu
Province under Grant No. KYLX_0341.
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Fig. 4. Temperature distributions of the keyhole fabricated by a
single laser pulse with a laser energy of 4.86 J in both the laser-on
and -off periods. The white bar represents 1 mm.

Fig. 5. Velocity distributions of the keyhole fabricated by a sin-
gle laser pulse with a laser energy of 4.86 J in both the laser-on
and -off periods. The white bar represents 1 mm.
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