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ABSTRACT

An accurate and efficient description of the spatial distribution of laser energy is a crucial factor for the modeling of laser material process-
ing, e.g., laser welding, laser cutting, or laser-based additive manufacturing. In this study, a 3D heat transfer and fluid flow model coupled
with the volume-of-fluid algorithm for free surface tracking is developed for the simulation of molten pool dynamics in high-power laser
beam welding. The underlying laser-material interactions, i.e., the multiple reflections and Fresnel absorption, are considered by a ray-
tracing method. Two strategies of free surface reconstruction used in the ray-tracing method are investigated: a typical piecewise linear
interface calculation (PLIC)-based method and a novel localized level-set method. The PLIC-based method is discrete, resulting in non-
continuous free surface reconstruction. In the localized level-set method, a continuous free surface is reconstructed, and, thus, the exact
reflection points can be determined. The calculated spatial laser energy distribution and the corresponding molten pool dynamics from the
two methods are analyzed and compared. The obtained numerical results are evaluated with experimental measurements to assure the
validity of the proposed model. It is found that distinct patterns of the beam multiple reflections are obtained with the different free surface
reconstructions, which shows significant influence not only on the molten pool behaviors but also on the localized keyhole dynamics.

Key words: laser beam welding, laser energy distribution, weld pool dynamics, ray tracing
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I. INTRODUCTION

The laser beam welding (LBW) performed in the deep-
penetration mode, also known as keyhole mode, is considered one
of the most important joining processes in industrial applications,
especially for the high-efficiency and high-quality joining of thick-
walled structures. Due to its extremely concentrated energy input,
the LBW shows several attractive advantages compared with typical
arc welding processes, such as deeper penetration, higher welding
speed, narrower heat affected zone, and finer grain size.1 The most
important characteristic of the deep-penetration LBW is the

formation of a keyhole within the weld pool. Multiple reflections of
the laser beam will occur inside the keyhole, and correspondingly
the laser energy is absorbed multiple times on the keyhole wall,
which in turn further increases the thermal efficiency of the
process up to 90%. Therefore, the transient spatial laser energy dis-
tribution on the keyhole wall is the underlying factor influencing
the keyhole and molten pool dynamics, which further influences
the geometry, microstructure, possible defect formation, and,
hence, the final properties of the weld seam.

To obtain a better understanding of the physics involved in
the LBW process, some experimental attempts have been
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performed to visualize the keyhole and molten pool dynamics based
on different monitoring and detecting systems, including infrared
imaging,2 high-speed imaging,3 and synchrotron x-ray measure-
ment.4 However, quantitative descriptions of the keyhole and molten
pool dynamics, especially for the physical information inside the
molten pool as well as the laser-keyhole interactions, are still very
limited due to difficulties in accessing the internal molten pool, the
expensive equipment, and the relatively low image resolution.

With the advancement of computational technologies, sophis-
ticated 3D numerical models coupled with free surface tracking
algorithms such as the volume-of-fluid (VOF) method5 or the
level-set (LS) method6 were developed to investigate the most rele-
vant physical phenomena occurring during the LBW process.
Obviously, an accurate and efficient description of the energy cou-
pling between the laser beam and the keyhole is the kernel for the
calculation. The commonly used methodologies include predefined
keyhole boundary,7 volumetric heat source,8,9 ray tracing
method,10,11 and electromagnetic wave equations.12,13 Among these
methods, the ray-tracing method is a physics-based algorithm and
provides a good balance between physical accuracy and computa-
tional intensity. It focuses on the geometrical relationship between
the beam propagation and the keyhole profile by calculating the
multiple reflection paths of the laser beam and the laser absorption
at each reflection point.

The numerically reconstructed keyhole wall, which is the
reflection surface of the laser beam, can, however, not be mathe-
matically described by an explicit or continuous expression. Certain
reconstruction (for VOF method) or interpolation methods (for LS
method) must be performed to rebuild the free surface, which may
cause difficulties when calculating the reflection point and, more-
over, to negatively influence the accuracy of the laser energy distri-
bution. For instance, with a VOF-tracked free surface, the piecewise
linear interface calculation (PLIC)-based ray-tracing method is the
most widely applied algorithm with the least computational inten-
sity. Nonetheless, it is known that two major issues will be pro-
duced from the geometrical aspects, i.e., the unphysical capture of
the rays and the numerical leakage of the rays, leading to unaccept-
able calculation errors, especially for a higher welding speed above
3 m/min.14,15

Although it has been preliminarily recognized that the calcu-
lated spatial laser energy distribution is highly dependent on the
correlation between the free surface reconstruction and the ray-
tracing algorithm, the influences of different reconstruction
methods on the laser-keyhole interaction and resultant keyhole and
molten pool dynamics have not been studied systemically. In this
paper, two types of free surface reconstruction methods are chosen
to cooperate with the ray-tracing algorithm: a typical PLIC-based
method and a novel localized LS method. The laser beam propaga-
tion and the laser absorption with different algorithms are visual-
ized and analyzed. The resultant keyhole dynamics and molten
pool behavior are compared in detail.

II. MATHEMATICAL MODELING

A. Ray-tracing algorithms

To calculate the multiple reflections of the laser beam on the
complex-shaped and time-varying keyhole surface, the laser beam

is discretized into a sufficient number of sub-rays (697 sub-rays in
this study). The energy density of each sub-ray is determined by its
relative location to the optical axis, which is expressed as

qL(x, y) ¼ 2PL
πr2f

exp �2
x2 þ y2

r2f

� �
, (1)

where PL is the laser power and rf is the laser beam radius.
The initial sub-ray path~I0 is defined by considering the diver-

gence feature of the laser beam, which is given as

rf (z) ¼ rf0 1þ z � z0
zr

� �2
" #1/2

, (2)

where rf0 is the beam radius at the focal plane, z0 is the position of
the focal plane, and zr is the Rayleigh length.

The direction of the reflected sub-ray that is also the incident
ray for the next reflection can be determined by the following geo-
metrical relationship:

~R0 ¼~I1 ¼~I0 � 2(~I0 � ~N0)~N0, (3)

where ~R0 is the reflected direction and ~N0 is the outward normal
vector at the reflection points on the keyhole wall.

The Hagen–Ruben’s model is employed to calculate the
absorption rate at the reflection points, which is a function of the
incident angle, θn, and the material-dependent coefficient ε,

α ¼ 1� 1
2

1þ (1� εcosθn)
2

1þ (1þ εcosθn)
2 þ

�
ε2 � 2εcosθn þ 2cos2θn
ε2 þ 2εcosθn þ 2cos2θn

�
: (4)

A schematic of the beam discretization and the multiple
reflections is given in Fig. 1. Apparently, finding the accurate loca-
tions of the reflection points on the keyhole wall, namely, the inter-
section between the propagating sub-rays and the complicated
keyhole geometry, is critical to the ray-tracing algorithm.

1. PLIC-based ray-tracing algorithm

The VOF-tracked keyhole profile is not originally explicit; in
other words, the volume fraction F and its gradient ∇F, i.e., the
normal vector of the free surface, are not sufficient for a direct
determination of the reflection points. Instead, a discriminant crite-
rion is commonly applied, as shown in Fig. 2(a). dray is the distance
between the center of the free surface cell and the incident ray ~I0
and rsp is the radius of the circumscribed sphere of the cell. A free
surface cell will be selected as the reflection cell if the following dis-
criminant is fulfilled, and the cell center will be considered the
reflection point,16

dray � rsp, (5)

dray ¼ jP0P1��!jsin arccos
P0P1
��! � I0!

jP0P1��!jj I0!j

 ! !
: (6)
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From Eqs. (5) and (6), it can be seen that the accuracy of the
ray-tracing algorithm is dependent on the cell size used to discre-
tize the computational domain. Considering the laser spot size of
several hundred micrometers, a mesh size below 100 μm should be
chosen for a trustable calculation of the multiple reflections.
However, this extremely fine mesh size will lead to unaffordable
calculation intensity for the subsequent computational fluid
dynamics (CFD) simulation.

2. PLIC-based ray-tracing algorithm with virtual
refinement

A virtual refinement strategy was proposed by Cho et al. and
integrated with the original ray-tracing algorithm described above,
as shown in Fig. 2(b). By using the volume fraction F and its gradi-
ent ∇F, the distance from the cell center to the free surface con-
structed by the PLIC algorithm can be determined.10 By taking the
cell center as the origin, the mathematical equation of the free
surface can be written as

nxx þ nyy þ nzz ¼ dcenter, (7)

where dcenter is the distance from the free surface to the cell center
and nx, ny, and nz are the x, y, and z components of ∇F.

Subsequently, the free surface is divided into virtual cells of
sufficiently small size (less than 50 μm in this study). The virtual
cells that are located on the free surface can be identified using
Eq. (7). Therefore, a smaller rsp can be used to determine the
virtual reflection cell, which results in higher accuracy of the calcu-
lated reflection position. These virtual cells are only used for the

FIG. 2. Schematic of the PLIC-based ray-tracing methods: (a) without virtual
refinement, (b) with refinement.

FIG. 1. Schema of the basic principle of the ray-tracing approach: (a) beam
discretization, (b) multiple reflections.
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calculation of the beam propagation and are not involved in the
CFD simulation, bringing almost no additional computational load.

3. Ray-tracing algorithm with localized LS method

The VOF and LS advection equations can be fully coupled,
namely, the Coupled LSVOF method, to calculate a continuous and
smooth free surface; meanwhile, the conservation of mass can also
be guaranteed. However, the coupled LSVOF method usually
requires extremely small time steps, which may lead to an unac-
ceptable calculation time for a transient model. In this study, a
localized LS method proposed by Sun and Tao17 is applied to
reconstruct the VOF-tracked free surface. The LS functions are
derived from the geometric operation of the volume fraction data,
without solving the real LS advection equation.

The signed distance from the cell node to the free surface,
expressed by Eq. (7), can be calculated as follows:

dnode ¼ �(nxx þ nyy þ nzz)� dcenter F � 0:5,
�(nxx þ nyy þ nzz)þ dcenter F � 0:5:

�
(8)

A positive distance represents that the node is in the gas phase
and a negative value represents a position within the molten metal.
A node may have multiple signed distances according to the differ-
ent free surface equations from the surrounding cells, as shown in
Fig. 3(a). The unique signed distance Φ, i.e., the LS function value,
is selected as the largest absolute value from the candidates. After
determining all the Φ values at the nodes of a cell, the free surface
inside the cell can be reconstructed as the iso-surface Φ (x,y,z) = 0
by a trilinear interpolation, as given in Fig. 3(b).

By writing the incident ray as a parametric equation of t,
P1 ¼ P0 þ t~I0, and combing with the reconstructed LS iso-surface
Φ (x,y,z) = 0, the intersection between the sub-ray and the free
surface, i.e., the exact reflection point, can be obtained, see Fig. 4.14

B. Numerical modeling of LBW

In this study, a 3D transient heat transfer and fluid flow
model coupled with free surface tracing is developed for the calcu-
lation of keyhole dynamics and molten pool behavior in LBW of
stainless steel. The flow regime in the molten pool is considered
laminar, and the fluid is assumed as Newtonian and
incompressible.

The transient geometries of the keyhole and the molten pool
free surface are tracked with the VOF method, requiring dual
phases (Ar and metal) in the model. The laser energy input calcu-
lated by the ray-tracing algorithm together with the energy dissipa-
tion due to convection, radiation, and evaporation is employed in
the model for the calculation of the temperature field. The recoil
pressure as a function of the local temperature18 is applied to the
keyhole wall. The dynamic balance between recoil pressure, hydro-
static pressure, hydrodynamic pressure, and Laplace pressure
should be calculated to determine the transient keyhole geometry.
The solid and liquid metal is treated as a single phase, and the
solid/liquid phase transformation is considered by the enthalpy-
porosity method to calculate the boundary of the molten pool. An
additional braking force based on the Carman–Kozeny equation is
added to the semi-solid region for the flow deceleration.19 The

thermo-capillary flow driven by the steep temperature gradient on
the top surface of the molten pool and the buoyancy based on the
Boussinesq approximation are considered as well.

The detailed descriptions of the physical models, boundary
conditions, numerical considerations, etc. can be found in the
authors’ previous studies.20,21

III. EXPERIMENTAL SETUPS

Bead-on-plate welding experiments were conducted to obtain
validation data for the model. An austenitic AISI 304 stainless steel
was utilized as the base metal, and the dimensions of the workpiece
were 200 × 60 × 10mm3. A Trumpf disk laser system with a
maximum output of 16 kW was used as the laser source. The corre-
sponding optical parameters of the laser are listed in Table I.

FIG. 3. Schematic of the localized LS algorithm: (a) definition of the signed
distance Φ.
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The welding experiments were performed with a laser power
of 4.0 kW and a welding speed of 1.0 m/min. Pure argon with
20 l/min flow rate was provided behind the laser spot to protect the
weld seam from oxidation. Mechanical cleaning on the workpiece
surface was performed before welding.

The obtained weld specimens were mechanically cut, ground,
and polished on the cross section, and subsequently etched with a
V2A etchant (100 ml H2O, 100 ml HNO3, and 10 ml HCl). An
optical microscope was used to observe the fusion line shape on
the cross section.

IV. RESULTS AND DISCUSSION

First, a benchmark is performed to evaluate the performance of
the different ray-tracing algorithms with the same predefined
keyhole profiles, as shown in Fig. 5. The multiple reflection paths of
the sub-rays are visualized for a better intuition. For the PLIC-based
ray-tracing method, the reflections can only be built between the cell
center, see Fig. 2(a). Therefore, all sub-rays reflect between a few cells
at the keyhole bottom, obviously not following the optical rules.
With the introduced virtual refinement strategy, the issue of the
physically unreasonable reflections is mitigated, and the sub-rays
reflect more irregularly at the bottom of the keyhole, more precisely,
between the center of the virtual cells, as shown in Fig. 5(b). In

contrast, the exact reflection points can be located on the
LS-reconstructed free surface. The combination of the divergence
feature of the laser beam and the complicated keyhole geometry
leads to an extremely irregular reflection pattern inside the keyhole,
which produces a different energy distribution on the keyhole wall.

The simulated molten pool shape and the velocity field for the
real welding experiment (laser power 4 kW, welding speed
1 m/min) are provided in Fig. 6, together with the time-averaged
spatial distribution of the absorbed laser heat flux (within 0.2 s). As
seen, the energy distribution from the different ray-tracing methods
with different reflection strategies shows a significant influence on
the keyhole and molten pool dynamics. A strong counterclockwise
circulation forms in the bottom region of the molten pool,

FIG. 4. Schema of the calculation of the intersection between reconstructed LS
surface and sub-ray.

FIG. 5. Visualization of the multiple reflections of the sub-rays: (a) PLIC-based,
(b) PLIC-based with virtual refinement, (c) LS-based.

TABLE I. Laser parameters used in experiment and simulation.

Laser parameters Value

Laser spot radius at focal plane 0.21 mm
Wavelength 1040 nm
Focal position −3.0 mm
Rayleigh length 3.6 mm
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enlarging the liquid metal volume at the weld pool bottom, as
shown in Fig. 6(a). The top region of the molten pool is, however,
unreasonably small. This calculated molten pool shape is currently
not supported by the experimental observations4 or the calculations

from other researchers.10 The calculated molten pool from the
virtual refinement enhanced ray-tracing method and the LS-based
ray-tracing method shows the common geometry, i.e., elongated at
the top region and relatively shorter at the bottom region, which is
well experimentally and numerically confirmed.4,10

Distinct characteristics of the keyhole front wall behavior are
also identified, especially for the formation and movement of the
small swellings thereon. The small swellings are considered to have a
significant influence on the laser energy absorption as well as the
beam propagation inside the keyhole.22 The size of the swellings is
the magnitude of hundreds of micrometers, which is close to the
commonly used mesh size for CFD calculation of the LBW process;
thus, this delicate behavior cannot be revealed reasonably by the
typical PLIC-based ray-tracing method whose criterion is based on
the mesh size. More swellings are formed on the keyhole front wall
with the LS-based ray-tracing algorithm, and correspondingly more
energy is absorbed by the front keyhole wall since the exact reflection
position of the sub-rays on the swelling can be located.

According to the experimental measurements from Kawahito
et al., the thermal efficiency of the laser beam welding process in
keyhole mode shows an approximately linear relationship with the
penetration depth,23 and the thermal efficiency can reach 75% with
a penetration depth of about 8 mm. The thermal efficiency of the
calculated welding process is plotted in Fig. 7, and the standard
deviation represents the fluctuation of the heat input induced by
dynamic keyhole evolution. The PLIC-based ray-tracing method
provides the highest thermal efficiency of 83.9% with the highest
relative error of 12%. The overestimation is caused by the unphysi-
cal capture and absorption of the rays from the inaccurate captur-
ing criterion. The application of virtual refinement improves the
accuracy of the calculation for laser absorption. The obtained result
from the LS-based ray-tracing method shows the best agreement
with the experimental value with a relative error of 4.9%. It is
worth noting that the LS-based ray-tracing method also provides
the highest standard deviation of the thermal efficiency among the

FIG. 6. Calculated (left side) time-averaged absorbed laser energy and (right
side) the molten pool dynamics: (a) PLIC-based, (b) PLIC-based with virtual
refinement, (c) LS-based.

FIG. 7. Calculated thermal efficiency from different ray-tracing algorithms.
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three cases. It is deduced that the simulated keyhole experiences the
severest fluctuation.

To evaluate the validity of the three models, the simulated
fusion lines are compared with the experimental results, as given in
Fig. 8. Due to the overestimated heat input from the PLIC-based
ray-tracing method, the calculated penetration depth is also larger
than the experimental value. It also confronts one common diffi-
culty in the simulation of the partial penetration LBW, i.e., the
reproduction of the so-called wine-glass shape at the top
region.24,25 Some additional heat sources have to be introduced
when trying to reproduce this particular profile.10,26 With the
virtual refinement strategy, an accurate penetration depth can be
obtained, but the calculated weld has a swelling in the bottom
region; in contrast, the experimental weld is narrow and parallel.
The results from the LS-based ray-tracing method show the most
accurate prediction, in which not only the deep and parallel weld
geometry but also the wine-glass profile is reproduced successfully.

V. CONCLUSIONS

In this study, three ray-tracing algorithms based on different
free surface reconstruction strategies are developed and integrated
into a CFD model of the laser beam welding process. The calcu-
lated beam propagation inside the keyhole, the spatial distribution
of the laser energy, and the resultant molten pool dynamics are
evaluated and compared. The main conclusions are drawn below:

1. Due to the different determination strategies of the reflection
points in PLIC-based and LS-based methods, distinct patterns

of the beam multiple reflections are obtained, leading to the dif-
ferent spatial distribution of the laser energy.

2. The selection of the ray-tracing algorithm shows significant
influence not only on the general molten pool behaviors but
also on the localized keyhole dynamics, e.g., the formation and
movement of the swellings on the keyhole front wall.

3. By comparing the experimental results and the data from the lit-
erature, it is found that the PLIC-based ray-tracing method has
the least accuracy in predicting the thermal efficiency and the
final fusion line of the weld. The application of the virtual
refinement technique can improve the calculation results to
some extent, but the derivation is still noticeable. The LS-based
ray-tracing method provides the best agreement with the avail-
able experimental data.
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