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a b s t r a c t

Deep-penetration laser spot welding can effectively improve the utilization rate of the laser beam
through forming the keyhole. In this paper, a model based on Fresnel law was developed with the com-
putational fluid dynamics (CFD) software FLUENT. By considering the recoil pressure, surface tension,
buoyancy and evaporation, a ray tracing technique was proposed to describe the absorption efficiency
of the laser beam during the process of keyhole forming. It was found that there was large temperature
gradient in the keyhole, recoil pressure and Marangoni flow forced the molten metal liquid to flow from
bottom to top. At last it formed a nail head at the bottom and crowned at the top. The energy absorption
efficiency rose from 42% to 59% during the keyhole forming, which was approximately linear with the
depth of the keyhole.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Laser spot welding is a highly efficient and precise welding
method that is being increasingly used in industrial manufacturing
and is of growing importance in industry. With its high energy
density, a deep and narrow keyhole forms with lower distortion.
The formation of the keyhole improves the energy efficiency of
the welding process because of multiple reflections of the laser
beam within the keyhole [1]. To analyze the process of deep-pen-
etration laser spot welding, a simulation of the keyhole forming
while laser welding is needed.

Related studies have been done over the last several years. Rai
et al. [1–3] made a lot of great researches on modeling continuous
keyhole laser welding of structural steel, aluminum, titanium and
stainless steel in different powers and welding speeds. He et al.
[4] modeled the evolution of temperature and velocity fields dur-
ing laser spot welding of 304 stainless steel without considering
the free surface. Jin et al. [5] calculated the energy of the keyhole
observated by X-ray transmission. Howere, the method is limited
because the equipment is expensive and complex. Solana et al.
[6–8] modeled a mathematical model to calculate the keyhole
geometry during the laser drilling of metals. Some researchers

[9–11] adopted body heat source in the laser beam welding simu-
lation, the power density distribution of keyhole didnot meet the
fact. Na et al. [12–14] used ray tracing technique to model a key-
hole with multiple reflections in Fresnel absorption, and the simu-
lation results agreed with the experimental ones.

As mentioned above, laser beam welding was studied by a large
number of researchers. However, few of them analyzed the utiliza-
tion rate of the laser beam during spot welding period. In this
paper, the VOF method was adopted to track the free surface of
the keyhole. Surface tension, recoil pressure, buoyancy and evapo-
ration were considered, and a ray tracing technique was applied in
Fresnel law simultaneously. By simulating the process of the key-
hole forming, studies were made on the temperature distribution
and instantaneous energy absorptivity efficiency of deep-penetra-
tion laser spot welding.

2. Physical and mathematical models

2.1. Governing equations

Generally, three governing equations are used to describe heat,
mass transfer and fluid flow. The boundary conditions are treated
as source terms in the governing equations. The continuity equa-
tion is described as

@ðqÞ
@t
þr � ðqVÞ ¼ 0 ð1Þ
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The momentum equations are described as
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The energy equation is described as
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where V, u, v denote velocity vector, x and y component of velocity
in the Cartesian coordinate. q, P, g, H, K, l, b and Tref refer to density,
pressure, gravitational acceleration, enthalpy, thermal conductivity,
viscosity, thermal expansivity and reference temperature respec-
tively. Ssa and Sre represent the momentum source term induced
by surface tension and recoil pressure, E is the input heat source.
T and t stand for temperature and time. The second term of right-
hand side of Eq. (3) is the source term by the buoyancy force which
uses Boussinesq approximation. The last terms of righthand side of
Eqs. (2) and (3) are source terms by the frictional dissipation in the
mushy zone. Amush is the constant representing mushy zone mor-
phology, fl is the liquid fraction, and B is the positive zero used to
avoid division by zero.

2.2. Boundary conditions

The schematic illustration of the proposed model is shown in
Fig. 1. AB, BD and AC are the boundaries of air phase domain. AB
is the pressure inlet, AC and BD are the pressures outlet. CE, DF
and EF are the boundaries of workpiece phase domain. CGD is
the free surface between the air and workpiece.

In the free surface CGD, convectional heat and radiation heat
should satisfy the following equation:

k
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¼ Q � rdðT4 � T4
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While Q is the heat source of laser spot welding, qeva is the heat loss
induced by evaporation. Ta is the atmospheric temperature, hc is the

convection coefficient, r is the Stefan–Boltzmann constant, d is the
surface radiation emissivity. The heat loss induced by surface evap-
oration can be written as

qeva ¼WHv ð6Þ

The evaporation rate can be expressed as

logðWÞ ¼ 2:52þ 6:121� 188836
T

� �
� 0:5logT ð7Þ

2.3. Heat source models

During deep-penetration laser spot welding, only the free sur-
face of the workpiece absorbs the laser beam. In this paper, a ray
tracing technology [15] is used. As shown in Fig. 1, when the first
laser beam reaches point P, the incidence vector is approximate
to OP
�!

. R(z) is the radius of the wave front curvature, z0 is the dis-
tance between the focal plane and the center of the sphere wave
front. zr is the Rayleigh length. Plaser is the power of the laser beam,
and the laser beam radius W(z) varies with z [16].
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When the laser beam propagates to the free surface of the work-
piece, the incident intensity Ir,0(r,z) of the laser beam and the mth
multiple reflection intensity Ir,m(r,z) at the keyhole wall which are
given as

Ir;0ðr; zÞ ¼ Icðr; zÞ ð11Þ
Ir;mðr; zÞ ¼ Ir;m�1ðr; zÞð1� aFrÞ ð12Þ

While Ic(r,z) is the original incident laser intensity, aFr is the Fresnel
absorption coefficient. The laser beam propagation direction follows
simple vector equation:

R
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While N
!

indicates the surface normal at point P. I
!

is the incident
laser beam, R

!
is the reflected ray. After several reflections on the

surface of the keyhole, the final energy absorbed is
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While um is the included angle between the incident laser beam and
the normal direction of the keyhole. Im and nm are unit vectors of the
incident laser beam and the normal direction of the keyhole. Here,
e2 ¼ 2e2=ðe1 þ ½e2

1 þ ðrdc=xe0Þ2�
1=2
Þ, and while e1 and e2 represent

the real parts of the dielectric constants of metal and plasma; rdc

is the dc conductivity of the material; e1 is the permittivity of free
space. The value e is determined from the material properties and
the laser type. For a CO2 laser and steel workpiece, its widely used
value is 0.08. However, it is also modifiable because (a) the keyhole
wall is boiling and this could affect the Fresnel absorption and (b)
the method used to calculate the Fresnel absorption is approxi-
mated, and the use of a large value of e could compensate for the
approximations made [17]. This paper suggested the value of e to
be 0.2 and showed that the results are acceptable for mild steel
and CO2 laser, compared with experiments. In this investigation,Fig. 1. Schematic illustration of deep-penetration laser spot welding.
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