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a b s t r a c t

Combining the modified level-set method a 2D model is developed to simulate the laser drilling process
on aluminum slab with millisecond pulsed laser. By utilizing equivalent specific heat capacity and adding
source terms of gas dynamics, phase transition is modeled. Modified level-set method is developed in
order to trace the liquid–gas interface as well as consider mass loss during evaporation and boiling.
The possible effects which can impact the dynamic behavior of the keyhole are taken into account, con-
taining gravity, recoil pressure of the metallic vapor, surface tension, and Marangoni effect. Based on such
model the impacts of laser fluence and pulse duration on keyhole width and depth, average drilling veloc-
ity, morphology and quality, melt ejection mode transition as well as velocity of melt ejecta are investi-
gated. Compared with some corresponding experiment results, the validity of the established model is
verified and the mechanisms of phenomena during laser drilling are analyzed.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the emergence of the first laser, its application has been
an appealing and prevailing research field among researchers,
which includes welding, cutting, ablation and so on. As a major
application in processing industry like aerospace and automobile
industry, interests in laser drilling have been escalated due to the
growing number of scientific and manufacturing applications uti-
lizing various kinds of high-power laser.

Laser drilling is a complicated process, accompanying with heat
conduction, melting, evaporation, boiling, melt ejection, plasma
and even the phase explosion. Therefore experiments alone are
far insufficient from revealing the mechanism of the interaction
between laser and materials. With the development of the com-
puter, numerical simulation has become a powerful tool to help
researchers discern the mechanisms behind the phenomena. In
the past several decades numbers of models and experiments re-
lated to laser drilling have been reported [1–16]. Although the
early work of developed models [1,2,16] were usually one dimen-
sional, analytical and restricted ones, the drilling velocity, drilling
efficiency, the position of the evaporation front, evaporation speed
and melt ejection velocity were well predicted, setting up the foun-
dation for the following research. After all such kinds of model are
not suitable for complicated situations like intensive boiling com-
panying with melt ejection, therefore numerical simulation is

needed. Yilbas and Sami [7] studied liquid ejection and possible
nucleate boiling mechanisms in the laser drilling process on copper
and nickel experimentally and numerically. Trippe et al. [8] and
Shuja and Yilbas [9] modeled single pulse drilling process on met-
als with a fixed free surface. Voisey et al. [10,11] researched the
phenomenon of melt ejection during laser drilling of metals by
experiments and carried out a novel method to measure the veloc-
ity of the melt ejecta. While going further more on the path of sim-
ulation of laser drilling process, it still has limitation and lacks of
relative completeness, such as the tracking of free surface. Such
obstacle has been overcome after developing of mathematical
methods, saying moving mesh (ALE), Volume of Fluid (VOF),
level-set and so on. Geiger et al. [5] established a 3D transient
model of keyhole and melt pool dynamics in laser beam welding,
using VOF method to track the free surface of the vapor–liquid
interface. Ganesh et al. [12–14] established a 2D symmetrical mod-
el to study the process of melting and re-solidification during laser
drilling, using VOF method to track the free surface. Ahn and Na
[15] simulated nanosecond pulsed laser ablation process for semi-
transparent material by combining VOF method and ray tracing
method in a 3D model. Ki et al. [3] modeled high-density laser–
material interaction by using fast level set method. The surface
tension is not taken into consideration. Han et al. [4] and Han
and Liou [6] also utilized the level set method to model pool ther-
mal behavior, the geometry of the melt and investigated the laser
mode influence on the melt pool. In these models, on one hand, the
phase change of vaporization is not completely considered. We be-
lieve that just using the heat loss caused by evaporation as the
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boundary condition is far more insufficient from reflecting phase
transition of vaporization and even more intense boiling effect.
On the other hand, above mentioned surface tracking methods also
have some demerits themselves.

In this paper firstly we present a 2D model of long pulsed laser
drilling process on Aluminum, considering the phase change of
both melting and vaporization and possibly primary driving forces
that could influence the drilling process as well as combining mod-
ified level-set method for the purposes of tracking the liquid–vapor
interface and offsetting mass loss caused by intense evaporation.
Then the results of the influence of laser parameters based on such
model are compared with the experiment data for the purposes of
both verifying the validity of the model and analyzing the possible
mechanisms of the phenomena involved in laser drilling process.

2. Physical model and mathematical formulation

In our previous work [27] the 2D model was described in detail.
Therefore it is briefly reviewed below. The dimension of the model
is showed in Fig. 1, and many assumptions are made as follows for
simplifying the calculation:

(1) The flow of liquid metal in the melt pool is treated as
incompressible Newtonian laminar flow.

(2) The surrounding air is also treated as incompressible
laminar flow [17].

(3) Knudsen layer is ignored.
(4) Metallic vapor is regarded as ideal gas and transparent to the

incident laser beam.

(5) Plasma formation and multiple reflection are not taken into
consideration.

(6) The boiling point of the material is independent to the
pressure.

2.1. Governing equations

When the laser beam is irradiated on the surface of Aluminum
slab, the target and the surroundings are heated by heat conduc-
tion, heat convection, thermal radiation and so on. With the in-
crease of temperature, melting occurs followed by vaporization,
melt ejection, boiling and forming of keyhole with the help of
material removal and recoil pressure determined by the absorbed
laser energy. In order to interpret the interaction mechanism
between laser and substrate, the general form of governing
equations for the conservation of mass, momentum and energy,
used in the whole computational domains, can be expressed in
the following form:

r �~u ¼ 0 ð1Þ
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where ~u is the velocity, l, q, Cp and k are the dynamic viscosity,
density, specific heat capacity and heat conductivity of the whole

Nomenclature

Amush mushy zone constant
B liquid volume fraction
Cp specific heat capacity
Cpair specific heat capacity of air
CpAl specific heat capacity of aluminum
CpAl,eff equivalent specific heat capacity of aluminum
E laser peak energy
Fvol body force
h heat transfer coefficient
i unit vector on x axis
I identity matrix
j unit vector on y axis
k heat conductivity
kB Boltzmann constant
Lm latent heat of fusion
Lv latent heat of evaporation,
_m removal rate of evaporation

Mal,mole molar mass of the aluminum
Mal,molecular molecular mass of aluminum
n normal vector
p pressure
Pamb ambient pressure
Precoil recoil pressure
Psat saturated pressure
r0 laser spot radius
R universal gas constant
S laser heat source
S0 laser peak power
t simulation time
tp laser pulse duration
T temperature
T0 initial temperature

Tb boiling point
Tm melting point
u fluid velocity
Ve recession speed of the vaporization front
Vf volume fraction
x, y cartesian coordinate system

Greek symbols
c level-set parameter
e level-set parameter
d delta function
dTm temperature transition zone half width (melting)
dTb temperature transition zone half width (evaporation)
/ level-set function
a absorptivity of aluminum on 1064nm laser
n surface emissivity
j curvature radius
l dynamic viscosity
lair dynamic viscosity of air
lAl dynamic viscosity of aluminum
q mass density
qair density of air
qAl density of aluminum
f small number
r surface tension coefficient

Subscripts
L liquid
v vapor
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