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Abstract
Keyhole laser-based processes have been adopted widely due to the high-quality welds and cuts that they produce and the
accurately controlled dimensions of the end part. Fast-running simulation tools are required in order to estimate the dependence
of process outputs, efficiency, and stability on the process variables. This work presents a fast-running simulation tool for
keyhole laser-based processes with inert or no assisting gas that takes into account the effect of laser beam defocusing and
the alteration of the effective reflectivity of the material due to the keyhole cavity. The model is built upgrading a successful
model for the thermal phenomena based on finite differences and the enthalpy method. The presented model is compared to
experimental results for the laser cutting process with both CO2 and fiber laser sources and inert assisting gas. The model
accurately predicts cutting depth and kerf, heat-affected zone width, and the dependence of the cutting depth on the position
of the focal plane. The model manages to achieve reduced computational time enabling its utilization in process digital twins.

Keywords Laser-based processes · Keyhole · Laser cutting · Laser beam defocusing · Effective reflectivity of keyhole ·
Digital twin

1 Introduction

Laser-based processes have found applications in an increas-
ing number of industries over the years, since they provide
high flexibility, as it regards the shape of parts that can be
created and the variety of materials that can be processed,
based on their ability to produce structures and cut materi-
als that cannot be processed with conventional machining
methods. They rely on laser attributes such as narrow heat-
affected zone, narrow kerf, shallow angle hole, large aspect
ratio holes, very small diameter holes, odd shapes, cavities
and slots, machining of inaccessible locations, non-contact
machining (no tool force), machining of soft, and very hard
materials and cutting very brittle and very ductile materi-
als [1]. The output of laser-based processes can be used
either directly without post-processing or after re-working
specific areas in order to achieve the desired tolerances. In
addition to the advantages of high speed, tight tolerances, and
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good surface quality, the laser is ideal for interfacingwith robots
in computer-aided design/computer-aided manufacturing
(CAD/CAM)systems, allowing the efficientandcost-effective
manufacturing of parts for specific applications [2, 3].

Laser-based processes are divided into two broad classes,
based on the heating mode: keyhole-mode and conduction-
mode processes. Their main difference is identified on the
laser beampower density. In the conduction-mode processes,
the power density causes the metal to melt and the weld pen-
etration is achieved by heat conduction across the height of
the part from the surface. On the other hand, during keyhole
processes, the power density is high enough to cause vapor-
ization of material, which in turn leads to expanding gases
that push outwards. This condition creates a keyhole from
the surface across the height, moving the material. By mov-
ing the laser beam across the surface, the keyhole follows
the same path, creating a deep and narrow tunnel. Some of
the major factors in cut kerf formation are the temperature
distribution on the melt surface, the thickness of the molten
layer, and the temperature gradients. Themelt surfacemotion
and thereby the melt material ejection are driven by pressure
differences which consist of two contributions: one from the
cutting gas jet and one from the pressure of evaporated or
decomposed material.
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Representatives of keyhole laser-based processes are
keyhole welding, drilling, and cutting, while additive man-
ufacturing (AM) processes and conduction welding belong
to the class of conduction-mode processes. Key parameters
for the decision-making are the surface quality after material
removal, the melt pool dimensions, and the capabilities of
the machine with respect to the thermo-physical properties
of the material [4, 5]. This work focuses on the modelling of
keyhole laser processes, building on a successful modelling
approach for conduction laser processes [6].

The laser spot diameter, the laser medium, which deter-
mines the laser wavelength, the maximum power and pulsing
mode, either continuous or pulsed, and the pulsing frequency
in the latter case are used to characterize the capabilities of a
laser machine on performing processes on specific materials
[1, 7]. These capabilities are also affected bymaterial proper-
ties, such as reflectivity at the laser wavelength. The number
of laser beams and their orientation (co-axial or off-axis), the
optical chamber (lens, mirrors, etc.), and the distance from
the workpiece are factors that affect directly the performance
of the laser-based process, since they may affect the position
of the focal plane, as well as the footprint of the laser beams
on the workpiece. In laser welding and cutting, the position
of the focal plane is a parameter that determines the laser
spot size on the surface, as depicted in Fig. 1.

The formation of a keyhole alters the distance of the focal
plane to the planewherematerial-laser interaction takes place
[8]. As a result, the in-falling intensity, which is the most
important quantity that determines the process performance,
depends on the keyhole geometry. It follows that the defo-
cusing of the laser beam has to be taken into account.

A technical difficulty that appears in the determination
of the in-falling heat fluxes to the simulation grid elements
originates from the motion of the laser head relative to the
workpiece. As a result of thismotion, the heat fluxes are time-
dependent. If their calculation is performed numerically, it
will significantly add to the computational complexity of the
algorithm, since it has to be repeated at every time step of
the algorithm. In this work, we present an analytic method

Fig. 1 Laser beam defocusing

for the calculation of these fluxes, which is based on Owen’s
T function, that bypasses these difficulties.

Another important effect that appears when keyholes are
formed is the variation of the apparent material reflectiv-
ity due to the keyhole cavity geometry. In principle, the
determination of the heat flux from the incident laser beam
requires the solution of the electromagnetic wave equation
with appropriate boundary conditions at the keyhole surface.
Such an approach is computationally demanding and com-
plicates significantly the process simulation. In this work,
we take advantage of the fact that typically the dimensions
of the keyhole are one to three orders of magnitude larger
than the laser wavelength. As a result, a geometric approach
for light propagation and reflection can be considered a good
approximation. In this approach, the reductionof the apparent
reflectivity due to the formation of the keyhole is a conse-
quence of the fact that a light ray may get reflected by the
keyhole walls more than once until it permanently leaves the
keyhole cavity. The multiple reflections on the side walls of
the keyhole contribute to the heat input in all respective areas.

Having identified the significance of keyhole formation in
laser-based processes, as well as the industrial need for fast-
running models that lead the decision-making as it regards
the set of process parameters that can be used for differ-
ent materials and laser characteristics, this work provides a
fast-running model for laser cutting process that tackles the
consequences of keyhole in the modelling without integrat-
ing computational fluid dynamics (CFD) on the model. This
work builds on a model that has been recently introduced by
P. Stavropoulos et al. [6] for the thermo-physical phenomena
in conduction laser processes. The latter addresses the chal-
lenges of these laser-based processes and has been validated
in the Laser-Based Powder Bed Fusion (PBF-LB/M) case,
where no keyhole phenomena are expected.

In this work, the developed model is validated through its
comparison to experimental works on the laser cutting pro-
cess with continuous, both CO2 and fiber lasers. The model
predicts key performance indicators (KPIs) of the process
such as the kerf angle, the achieved width, and the depth of
cut, based on the given laser beam characteristics, the pro-
cess parameters, and the material properties. The developed
model is a fast-running tool that is focused mainly in the
processes where inert or no assisting gas is used.

While the fast performance of the developed model will
be quantified in what follows, we would like to state what we
mean when we use the term “fast” for a simulation tool. As
such, we describe a simulation tool that can complete a task
in time of the order ofminutes, and thus, it can be a useful tool
for an engineer in order to take decisions regarding process
parameters. On the contrary, simulation tools that complete
a task in time of order of days may have great academic
value and probably improved accuracy; however, they are not
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particularly useful for the engineer, and are not characterized
as “fast.”

Typical cases of keyhole processes, where the developed
model applies, include nitrogen-assisted laser cutting and
keyhole laser welding, where no assisting gas is used. In
the first case, inert gas contributes to improve surface qual-
ity without significantly affecting the kerf geometry. In the
second case, the primary use of the assisting gas is the pre-
vention of oxidation. As a result, much lower assisting gas
flow rates are used.

1.1 Critical phenomena in keyhole processes

In the literature, most approaches for the modelling of
laser-based processes include both thermo-physical and
fluid dynamics phenomena, resulting in large computational
times. More recently, fast-running simulation tools for con-
duction laser-based processes have been developed [6]. A
key feature of these tools is the consideration of only the
most important physical phenomena that affect the process
performance. The main goal of this work is the extension of
this kind of fast-running simulation tool in the case of key-
hole laser-based processes. It follows that it is necessary to
identify any additional critical physical phenomena that sig-
nificantly affect the performance of keyhole laser processes,
but not that of conduction-mode ones. It is further required
to specify whether these can be included in a fast-running
simulation tool and determine the widest class of keyhole
laser processes that can be simulated fast, i.e., those that are
not strongly affected by difficult-to-simulate phenomena.

For this purpose, in this section, various literature sources
have been examined in order to guide the assumptions that
should be made in the modelling approach. The determina-
tion of the key physical phenomena and their significance is
of great importance. For the modelling of laser cutting, it is
important to detect the significance of the assisting gas on
the melt pool dimensions and the effectiveness of the pro-
cess, as well as to quantify this effect [9]. On the following
paragraphs, the key phenomena for the modelling approach
are extracted alongside with an insight about the computa-
tional time and the desired level of accuracy from the various
models based on the application [10].

Although there are many complex phenomena that occur
during the laser-based processes, fast-running models are
required for fast responses and decision-making [11, 12].
Models that run in the magnitude of hours should be
improved. As an example, in a simulation approach where
the thermal, electromagnetic, and fluid flow phenomena are
taken into account for the simulation of a time period of
10msec in a laser welding process [13], the computational
time was around 16h in a work station dedicated for sim-
ulations. In another approach that takes into account both

the melt pool flow dynamics and the thermal phenomena,
the simulation of 1msec takes around 14h [14]. On the other
hand, the computational time can be reduced significantly
when the modelling relies only on the thermal phenomena.
In a simulation of the PBF-LB/M that relies only on the ther-
mal phenomena, the simulation time is around 30min, for
10msec of process [6]. In all three works mentioned above,
the computational power of the used workstations was simi-
lar, as is the one that is used in this work.

The performance of the model is also affected by the good
understanding of the process mechanism and its sensitivity
on various process parameters. It has been shown that the
laser wavelength is a very important parameter for the laser-
based processes [15, 16]. The temperature field at the area
of interaction between the workpiece material and the laser
beam depends strongly on the laser source. This is due to the
fact that the reflectivity of the material depends strongly on
the laser wavelength.

The apparent reflectivity is affected by the existence of the
keyhole. Deep keyholes are surface features which almost
totally absorb the in-falling power of the laser beam. For
example, keyhole laser welding can result in excellent welds
with great depth and great depth-to-width ratio [15]. The
formation of keyholes has been studied extensively, since it
affects directly the process mechanisms, performance, and
efficiency, as well as the surface quality of the cut. Keyholes
are formed when a focused laser beam strikes the workpiece
and the material vaporizes almost without melting due to the
extremely high-power density [17, 18]. The geometry of a
keyhole is depicted in Fig. 2.

The keyhole conical geometry deforms the area where the
laser beam interacts with the substrate, affecting its reflectiv-
ity. In a geometrical optics approach, Monte Carlo analysis
has been used to simulate the multiple reflections in the key-
hole area that generate an additional incoming heat current

Fig. 2 Keyhole critical dimensions
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on the keyhole walls [15]. This kind of phenomena should
be taken into account in the simulation of keyhole laser pro-
cesses.

In the literature, the phenomena are divided into those
that are related to the penetration mechanisms (driven by
the recoil pressure, emphasized by the beam trapping effect)
and those that remove material and can be characterized as
opening mechanisms (driven by the melt flow, helped by
backward reflections) [19]. The effect of the laser head speed
on the governing mechanism has been also investigated [6,
19].

Lower scanning speed favors the penetration mechanisms
and the generated keyhole is narrow with consistent geo-
metrical characteristics [19]. On the contrary, higher speed
favors the opening mechanism and the produced keyholes
look shallow and elongated. In keyhole laser processes, the
keyhole aperture affects the process stability. The stability
is determined by a critical quantity which is the aspect ratio
between the keyhole depth and the focal spot [15]. There-
fore, it can be concluded that speed and power, as well as the
surface quality (polished, shiny, blurred, etc.) and the reflec-
tivity of the substrate material, affect the dimensions of the
keyhole (both width and depth).

The keyhole depth affects the distance between the laser
head and the surface of interaction of the laser beam with the
material. Laser-based processes, such as cutting andwelding,
are very sensitive on the distance between the focal plane and
the substrate due to laser beam defocusing [20]. Laser beam
defocusing has been studied extensively since it is correlated
to the performance and the efficiency of the keyhole laser
processes. In some works, the laser beam has been defo-
cused on purpose in order to modify the laser spot size in an
effort to control the geometry of the weld pool as well as to
optimize and stabilize the laser welding process [10]. Apart
from the controlled geometry, the effect of defocusing on the
mechanical properties of the part and finally on its strength
has been studied [21, 22].

The controlled focal intensity of the laser beam affects the
amount of energy that is dissipated in the laser spot, creat-
ing a more uniform temperature field and then less internal
stresses [23–25]. As visualized in Fig. 1, the footprint of the
laser beam, the angle between the laser beam, and the sub-
strate surface are subjected to significant changes due to the
defocusing [9].

It has been experimentally validated that there is a critical
focal plane position where the optimum performance of the
laser beam can be achieved [26]. Focusing above this posi-
tion leads to a very stable melt pool, while below this value,
deep keyholes are formed. The optimal focal plane position
depends on the workpiece material [26]. On the contrary, it is
independent to the laser power [27].Mei et al. have developed
amodel for keyhole processes that aims to quantify the effect
of the laser parameters on the keyhole formation, simultane-

ously identifying the exact value of the critical focal plane
position [15]. Considering the latter, it was found that when
the focal plane lies into the workpiece, the penetration depth
increases by lowering the focal plane up to an optimumvalue.
It was concluded that the optimal focal plane position lies at
about one-third of the full penetration depth, below thework-
piece surface, in both laser cutting and keyhole laser welding
processes.

Another important process feature in the case of laser cut-
ting is the assisting gas. Inert gas affects only the quality
of the surface and not the geometrical features of the pro-
cess. On the contrary, when active assisting gas is used, the
relevance of the gas in the laser cutting process is high-
lighted, insisting that the maximum cutting rate and the
cutting kerf are affected even more significantly by the
force/pressure/velocity exerted by the assisting gas than they
are affected by the laser power [1, 28–32].

The key conclusions from the effect of inert and active
gas in keyhole laser-based processes are summarized below.
However, in the keyhole laser welding process, no high-
pressure, active assisting gas is used, since the melt material
should be used for the bonding and not be removed.

• Inert assisting gas is used to improve the quality of the
cut zone. Edge quality is affected by the type of assisting
gas (compressed air, inert gas) [33].

• Surface quality is improved by reducing the cutting
speed, increasing the laser power, and increasing the pres-
sure of the assisting inert gas [34].

• The laser power value and the thickness of the material
determine the most suitable gas [33].

• The kerf size increases considerably as the laser power
increases and the cutting speed decreases.

• Summing up, active assisting gas significantly alters the
keyhole geometry, whereas inert assisting gas does not
[33].

Summing up, we conclude that a fast-running model for
the simulation of keyhole laser processes should definitely
include laser beamdefocusing and amodel for the increase of
absorptivity due to the keyhole formation. Such an approach
cannot be realized for processes where active gas is used,
since there fluid dynamics and chemical phenomena play a
significant role.

The rest of the document is structured as follows: In Sec-
tion 2, the modelling approach is presented, focusing on the
analytic calculation of heat fluxes, the modelling of laser
beam defocusing, and the treatment of multiple reflections
of the laser beam. Section3 is dedicated to the model valida-
tion and the provision ofmodel outputs. Themanuscript ends
with the conclusion and discussion sections, namely Sections
5 and 4, where the ongoing and future work are introduced.
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2 Modelling approach

The goal of this work is the development of a fast-running
simulation tool for keyhole laser processes with a moving
laser head. According to the literature review presented in
Section 1.1, the inclusion of fluid dynamics severely adds to
the computational complexity and results in large computa-
tional times, which are not appropriate for decision-making
tools. For this reason, our modelling approach is based on
the enthalpy method-based finite-differences approach intro-
duced by Stavropoulos et al. [6], which focuses on the fast
simulation of the thermal phenomena during the process.

However, this approach has been developed for the mod-
elling of additive manufacturing processes, which belong
to the class of conduction laser processes. For this rea-
son, it neglects the phenomena of laser beam defocusing
and the alteration of the workpiece reflectivity due to the
geometry of the keyhole, which are important and cannot
be neglected in keyhole laser processes, as we have dis-
cussed in Section 1.1. Notice that an enthalpy method-based
finite-differences model has been used in the past in order
to simulate a keyhole laser process, namely keyhole laser
welding [8]. However, this was a more academic approach,
where laser defocusing was taken into account; however, the
alteration of reflectivity due to the cavity was not, but most
importantly, the process was considered a stationary laser
head process.

The goal of this work is the inclusion of laser defocusing
and reflectivity alteration due to the formation of the key-
hole to the enthalpy method-based finite-differences model
[6], but in a way that is not going to introduce significant
computational complexity to the algorithm. A technical dif-
ficulty that is present is the fact that the in-falling energy flux
by the laser beam is time-dependent, since the laser head
moves and is distributed in a complicated way to the lattice
cells, due to the geometry of the keyhole and laser defocus-
ing. This problem does not appear in previous approaches,
since in conduction laser processes, defocusing is neglected
and the energy fluxes can be expressed analytically in terms
of the error function [6], whereas in cases where the laser
head is considered stationary, the fluxes can be calculated
beforehand for all cells of the lattice [8]. In the cases we are
interested to simulate, a straightforward method to resolve
this issue would require a numerical integration at each time
instant in order to specify the in-falling energy flux in each
lattice cell. This would lead to a significant increase of cal-
culation times. For this reason, we insisted on the analytical
calculation of the energy fluxes in terms on special functions
and we managed to express the fluxes in terms of Owen’s T
function, avoiding the additional computational complexity
that would be induced by the numerical integrations.

Finally, we would like to underline that this modelling
approach is not appropriate when the thermophysical phe-

nomena are significantly disturbed by chemical phenomena,
namely when active assisting gases are used, as discussed in
Section 1.1. The model that we developed is appropriate for
keyhole laser processes with inert or no assisting gas. The
modelling of keyhole laser processes with active assisting
gas is beyond the scope of this work.

2.1 The enthalpymethod-based finite-differences
model

The modelling of the thermophysical phenomena that take
place during laser-based processes is very complicated even
without the inclusion of the extra difficulties introduced by
keyhole formation. The most significant reason for that is
the fact that several phase transitions take place. These phase
transitions set the thermodynamic equations that govern the
diffusion of heat to be non-linear, even if the thermophysical
properties of the workpiece (specific heat, thermal conduc-
tivity, mass density) are considered constant.

The naive approach to solve this kind of problem is the
division of the workpiece to dynamical regions, one for each
phase. Then, the heat equation must be solved in each region,
and the boundaries should evolve by the related Stefan con-
ditions. This approach is computationally complicated and
slow. On the contrary, the problem can be simplified by
the introduction of an auxiliary field, that of the enthalpy
density. Then, the temperature-dependence of the thermo-
physical properties of the workpiece material, as well as the
latent heat of the phase transitions, can be absorbed into the
relation between the temperature and the enthalpy density.
This relation may be a complicated non-linear relation, yet
it is algebraic. Via the introduction of this auxiliary field, the
problemmaybe split into twoparts at each time step, the deter-
mination of the heat currents by the temperature field, i.e.,

�J = −k �∇T , (1)

and thus the variation of the enthalpy density field, namely

∂H

∂t
= −�∇ · �J = k �∇2T . (2)

This part of the time step is differential, yet it is linear. The
second step is the determination of the new temperature field
by the new enthalpy density field, i.e.,

T = T (H) . (3)

This step is non-linear, yet it is algebraic. At this step, the
phase of each lattice cell should be updated via the compar-
ison of its enthalpy density to the critical values of enthalpy
density that separate the phases.

The virtue of the method is the fact that the combination
of the two parts of each time step does not alter the nature of
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the problem,which remains a first-order differential equation
with respect to time. Therefore, the enthalpy method leads to
a fast-running time-stepping algorithm that can be integrated
step by step via a simple finite-differences formulation of
the problem. The reader is encouraged to consult the orig-
inal paper [6] for more details on the algorithm and how it
has been already implemented for other non-keyhole laser
processes.

2.2 Laser beam defocusing

The original model [6] does not take into account laser
defocusing. Therefore, the laser beam below the workpiece
surface, or more accurately below the focal plane, is mistak-
enly assumed to be more focused and intense that it actually
is. As a direct result, the original model is expected to over-
estimate the achieved depth of the keyhole and at the same
time to underestimate the kerf of the keyhole, especially at
large depths.

In the following, we develop the analyticmodel of the heat
fluxes induced by the in-falling laser beam on the workpiece
surface at the presence of a keyhole. We assume a Gaussian
laser intensity profile at the focal plane.

I (r) = 2P

πr20
e
−2 r2

r20 , (4)

where P is the laser beam power. The quantity r0 is usually
called the laser beam radius. About 86.5% of the total energy
of the laser beam is radiated within the r < r0 disk.

Let us consider another plane parallel to the focal one.
Due to defocusing, the laser intensity is altered in a uniform
way,

I (r , z) = 2P

πr2b (z)
e
−2 r2

r2b (z) , (5)

where z is the coordinate along the direction of the laser beam
axis. The function rb (z), i.e., the effective spot size, is given
by the usual hourglass function, namely,

rb (z) = r0

√
√
√
√1 +

(

M2 λ (z − z0)

πr20

)2

, (6)

where z0 is the value of the coordinate z at the focal plane,
M2 is the so-called beam quality parameter, and λ is the laser
wavelength. The shape of the laser beam is depicted in Fig. 3.

It follows that the laser intensity reduces as we move fur-
ther from the focal plane. Notice that the deformation of the
intensity profile is completely homogeneous; for example,

Fig. 3 Laser defocusing

at any plane that is parallel to the focal one, 86.5% of the
energy is radiated through the r < rb (z) disk.

2.3 Reflectivity and angle of incidence

Electromagnetic waves upon incidence on the surface of a
metallic object set the free electrons of the metal in motion
generating currents and thus heat losses due to the Joule
phenomenon. As a result, electromagnetic waves are only
partially reflected onmetallic surfaces. The rest of the energy
is transformed into heat in the body of the metal. The latter
is formed mainly close to the metallic surface as the electric
field presents an exponential decrease with the depth inside
the metal, due to the shielding by the induced electric cur-
rents.

The reflection and absorption coefficients depend on the
angle of incidence of the electromagnetic wave and the
angle between the polarization vector of the incident elec-
tromagnetic wave and the metallic surface. Specifically, the
reflection coefficients for the s-polarized and the p-polarized
wave are given by

Rp =
(

n − 1
cos θ

)2 + k2
(

n + 1
cos θ

)2 + k2
, (7)

Rs = (n − cos θ)2 + k2

(n + cos θ)2 + k2
, (8)

where n is the refractive index and k is the extinction coef-
ficient, which depends on the electric conductivity of the
metal. In general, both n and k depend on the wavelength
of the incident electromagnetic wave. Finally, θ is the angle
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Fig. 4 Reflectivity as function of the angle of incidence

between the direction of incidence and the perpendicular to
the metallic surface. In the rest of this paper, the polarization
is considered arbitrary, implying the reflection index is equal
to

R = Rp + Rs

2
. (9)

The dependence of the reflective index on the angle of inci-
dence for a typical metal (iron) is depicted in Fig. 4.

We would like to point out that the polarization selec-
tion can give rise to interesting options for the process. For
example, in processes with moving laser heads (i.e., laser
welding, laser cutting), the selection of a polarization that is
parallel or perpendicular to the laser head motion can give
rise to a variation of the absorption coefficients, with obvi-
ous consequences for the energy efficiency and the general
performance of the process.

2.4 The heat currents

We model the workpiece in a uniform rectangular lattice.
Let 2δx , 2δy and 2δz be the dimensions of the lattice cells.
Let us also assume that the focal plane is the z = 0 plane
and that the lattice extends from the focal plane and below.
Finally, for simplicity of the considerations in this section,
we assume that the laser beam axis coincides with the z-axis
(x = y = 0), as shown in Fig. 5.

It is not difficult to calculate the in-going heat current
due to the laser beam on any lattice element on the surface
of the workpiece. Consider an element which is centered at
x = x0 and y = y0. For notational simplicity, we define
x± := x0 ± δx and y± = y0 ± δy. Then, the heat current that
enters this cell is equal to

dQ0

dt
= (1 − R) P0, (10)

Fig. 5 The lattice cells hit by the laser at the focal plane

where R is the reflectivity and P0 is the in-falling laser radiant
power in this cell. The latter equals

P0 =
∫ x+

x−
dx

∫ y+

y−
dy

2P

πr20
e
−2 r2

r20

= P

4

(

erf

√
2 (x0 + δx)

r0
− erf

√
2 (x0 − δx)

r0

)

×
(

erf

√
2 (y0 + δy)

r0
− erf

√
2 (y0 − δy)

r0

)

≡ Wh (r0; x0, y0; δx, δy) , (11)

where erf (x) stands for the error function.
In an obvious manner, if we had considered that the first

level of cells of the lattice had been evaporated, and, thus,
the laser was heating the second layer of cells, then the laser
intensity would have been given by the same exact formula,
upon the substitution of r0 with rb (2δz), and thus,

P1 = Wh (rb (2δz) ; x0, y0; δx, δy) . (12)

Defocusing implies that intensity decreases with depth,
i.e., Wh (rb (2δz) ; x0, y0; δx, δy) < Wh (r0; x0, y0; δx, δy).
We may conceive this fact in two different, but equivalent,
ways. The obvious one is to consider that the laser beam
radius has expanded relatively to that at the focal plane, lead-
ing to a suppression of the arguments of the error functions
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Fig. 6 The two equivalent
descriptions of the lattice cells at
some depth being hit by the
laser: a expanded beam radius
and b shrunk cells

appearing in formula Eq.13, thus to a reduction of the laser
radiant power and the heat current. Completely equivalently,
one could imagine that the laser beam radius has remained
the same, but the quantities x0, y0, δx , and δy have shrunk
by a factor κ ≡ r0

rb(2δz)
, since

Wh (rb (2δz) ; x0, y0; δx, δy)

= Wh (r0; κx0, κ y0; κδx, κδy) . (13)

This equivalent point of view is possible, because the defo-
cusing of the laser beam is homogeneous. As a result, the
in-falling power on a cell whose top surface lies at a depth
z = 2δz is actually the power that crossed through the focal

plane, but through a smaller rectangle. This smaller rectangle
is the top surface of the cell under consideration homoge-
neously, shrunk with respect to the center of the laser beam.
Therefore, we may visualize the effect of defocusing as a
uniform shrinking of the lattice along the x- and y-directions
towards the laser beam center x = y = 0. These two equiv-
alent points of view of the effect of defocusing are depicted
in Fig. 6.

Let us consider only the element of the lattice, that is below
the laser beam center. What are the radiant energy currents
now? The answer is essentially given by the Fig. 7.

All elements on the top layer receive the same radiant
energy currents as in our previous considerations, except for

Fig. 7 One cell of the top layer
missing. a The energy flux that
results in the vertical exposed
faces of the lattice. b The
distribution of energy flux in the
exposed lattice cells
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the missing evaporated cell. The element below the evapo-
rated cell receives the current which crosses the focal plane
through the white rectangle within the gray frame at the left
panel of Fig. 7. This fact follows from the discussion above
on the two equivalent descriptions of the effect of defocus-
ing on the radiant energy currents. Where the energy current
that crosses the focal plane through the gray frame is going?
The answer is simple. Due to the form of the laser beam, a
part of the radiant energy is falling on the vertically exposed
faces of the cells that are neighboring to the evaporated cell.
It is simple to understand how these currents are divided
between these cells; it is depicted in the right panel of Fig. 7.
More importantly, this figure clarifies how to calculate these
currents. For example, the radiant energy current that is in-
falling to the exposed vertical side of the cell to the left of
the evaporated cell is

Pv =
∫ x+

κx+
dx

∫ y+
x+ x

y−
x+ x

dy
2P

πr20
e
−2 r2

r20 . (14)

This integral is easier to manipulate in polar coordinates

Pv =
∫ tan−1 y+

x+

tan−1 y−
x+

dϕ

∫ x+
cosϕ

κx+
cosϕ

drr
2P

πr20
e
−2 r2

r20

= P

2π

∫ tan−1 y+
x+

tan−1 y−
x+

dϕ

⎛

⎝e
− 2κ2x2+

r20 cos2ϕ − e
− 2x2+

r20 cos2ϕ

⎞

⎠ . (15)

We perform the change of variable tan ϕ = u, which implies
that

(

1 + u2
)

dϕ = du. This allows the writing of the last
integral as

Pv = P

2π

∫ y+
x+

y−
x+

du
e
− 2κ2x2+

r20

(

1+u2
)

− e
− 2x2+

r20

(

1+u2
)

1 + u2

= P

2π

∫ y+
x+

y−
x+

du
∫

2x2+
r20

2κ2x2+
r20

dwe−w
(

1+u2
)

= P

4
√

π

∫
2x2+
r20

2κ2x2+
r20

dw
e−w

√
w

(

erf

√
wy+
x+

− erf

√
wy−
x+

)

. (16)

But

∫

dx
e−x

√
x
erf

(√
x y

) = √
π

[

erf
(√

x y
)

erf
√
x

+ 1 + 4T

(√
2x y,

1

y

)]

, (17)

where T (h, b) stands for Owen’s T function, which is
defined as,

T (h, b) := 1

2π

∫ b

0
dx

e− 1
2 h

2
(

1+x2
)

1 + x2
. (18)

It follows that

Pv = P

4

[

erf

√
2 (y0 + δy)

r0
erf

√
2 (x0 + δx)

r0

− erf

√
2 (y0 + δy)

rb (2δz)
erf

√
2 (x0 + δx)

rb (2δz)

− erf

√
2 (y0 − δy)

r0
erf

√
2 (x0 + δx)

r0

+ erf

√
2 (y0 − δy)

rb (2δz)
erf

√
2 (x0 + δx)

rb (2δz)

]

+ P

[

T

(
2 (y0 + δy)

r0
,
x0 + δx

y0 + δy

)

− T

(
2 (y0 + δy)

rb (2δz)
,
x0 + δx

y0 + δy

)

− T

(
2 (y0 − δy)

r0
,
x0 + δx

y0 − δy

)

+ T

(
2 (y0 − δy)

rb (2δz)
,
x0 + δx

y0 − δy

)]

≡ Wv (r0, rb (2δz) ; x0 + δx; y0, δy) . (19)

It is not difficult to show that the radiant energy currents
through the four exposed vertical faces of the cells that are
adjacent to the evaporated cell are

Wright = Wv (r0, rb (2δz) ; x0 + δx; y0, δy)
Wfront = Wv (r0, rb (2δz) ; y0 + δy; x0, δx)
Wleft = Wv (r0, rb (2δz) ;−x0 + δx; y0, δy) (20)

Wback = Wv (r0, rb (2δz) ;−y0 + δy; x0, δx)

We need to verify that these four terms sum to the dif-
ference of the radiant energy currents through the top and
bottom faces of the evaporated cell. The algebra is rather
tedious. There are four terms from each contribution, sixteen
total, which are expressed as the product of two error func-
tions each. It is not difficult to see that these sum to twice
the desired quantity. There are also four terms from each
contribution, sixteen total, which are expressed as Owen’s
T function. These are organized in two sets of eight terms
each, one set expressed in terms of r0 and one set expressed
in terms of rb (2δz). In each octuplet, there are four pairs of
terms, whose second arguments are inverse of one another.
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For example, in the octuplet expressed in terms of r0, there
are the contributions from the right and front cells that read

Wright1+front1 = PT

(
2 (y0 + δy)

r0
,
x0 + δx

y0 + δy

)

+ PT

(
2 (x0 + δx)

r0
,
y0 + δy

x0 + δx

)

. (21)

Owen’s T function obeys

T (h, b) + T

(

bh,
1

b

)

= 1

4

(

1 − erf
h√
2
erf

bh√
2

)

. (22)

As a result, the above two terms assume the form

Wright1+front1 = P

4

(

1

− erf

√
2 (x0 + δx)

r0
erf

√
2 (y0 + δy)

r0

)

. (23)

The constant term is going to cancel with the constant term
from the equivalent terms in the octuplet of terms which is
the function of rb (2δz). These four terms add up to

− P

4

(

erf

√
2 (x0 + δx)

r0
erf

√
2 (y0 + δy)

r0

− erf

√
2 (x0 + δx)

rb (2δz)
erf

√
2 (y0 + δy)

rb (2δz)

)

. (24)

In an obviousmanner, all sixteen terms add up to the opposite
of the desired output, and, thus,

Wright + Wfront + Wleft + Wback

= Wtop − Wbottom, (25)

as it should.

2.5 Increase of absorptivity due to the keyhole

An important issue that emerges when a keyhole is formed is
the fact that the effective reflectivity of the material is altered
due to the cavity of the keyhole. If we neglect this issue, but
not laser beam defocusing, we should expect that the model
will underestimate the achieved keyhole depth.

In principle, in order to calculate the increase of the
absorptivity of the workpiece surface due to the formation
of the keyhole, one would need to solve the electromagnetic
wave equations with appropriate boundary conditions at the
keyhole surface. This direct approach is quite complicated
and would significantly increase calculation times. We may
follow an alternative approach. Typically, the dimensions of
the keyhole are several orders of magnitude larger than the
laser wavelength. According to [35], a typical keyhole width
varies from 300 to 900μm,where theminimal width appears
at the bottom of the keyhole, whereas the maximal one at the
keyhole opening. The wavelength of CO2 lasers is around to
10.6 μm while for the fiber lasers, this value varies between
0.78 and 2.2 μm [36–40]. It follows that the keyhole dimen-
sions are two to three orders of magnitude larger than the
wavelength of the laser beam. This implies that a geometric-
optics approach for the propagation and reflection of light in

Fig. 8 The increase of the
absorptivity of the workpiece
surface due to the keyhole as
multiple reflections in a
geometric-optics approximation

123

958 The International Journal of Advanced Manufacturing Technology (2024) 134:949–968



the keyhole cavity is a good approximation and a useful tool
in order to understand the increase of absorptivity due to the
existence of the keyhole.

In the language of geometric optics, a laser light ray is
reflected several times within the keyhole, before it gets out
of the material, as depicted in Fig. 8.

The increase of absorptivity stems directly from this fact.
A light ray that gets reflected n times before exiting the
keyhole behaves as if it got reflected by a material with an
effective reflection coefficient equal to R1R2 . . . Rn , where
Ri is the reflection coefficient for the i-th reflection.However,
neglecting the dependence of Ri on the angle of incidence,
i.e., assuming that Ri � R, the above effective reflection
coefficient is approximately equal to Rn . This is a decreas-
ing function of n, which is expected to increase as the keyhole
becomes deeper.

Even in this simple geometric-optics approach, an ana-
lytic calculation of the effective reflectivity of the keyhole
cavity would require the analytic, continuous, and smooth
expression of the keyhole shape, in order to calculate the
angles of incidence for all the reflections that a ray undergoes
into the cavity and, thus, its path and the effective reflec-
tion coefficient. However, the finite-difference approach that
is followed in this work enforces the approximation of the
workpiece in a rectangular lattice. It follows that no analytic,
smooth expression for the shape of the keyhole is available.
On the contrary, the keyhole is approximated by a polygo-
nal chain with the accuracy of the orthogonal lattice that has
been introduced for the simulation of the process, as shown
in Fig. 9.

All keyhole walls appear either horizontal or vertical in
our model. Thus, the information necessary to determine the
path of a light ray, namely the angles of incidence, has been
distorted by the rectangular lattice. However, the geometric-
optics approach clearly suggests that reflections on a region
where the keyhole surface is almost vertical are more likely
to be followed by more reflections. Thus, a reasonable sim-
plifying assumption that follows from the geometric optics

picture is the following: Light rays that fall on horizontal sur-
faces get reflected out of the cavity, whereas light rays that
fall on vertical surfaces get reflected so that they fall once
again in cavity walls. We assume that reflected light rays
contribute to the overall laser intensity at larger depths of the
cavity without altering its spatial distribution. The analytic
calculation of the heat currents due to the laser beam in both
horizontal and vertical faces of the lattice elements that was
presented in Section 2.4 greatly facilitates the calculations
regarding the multiple reflections.

The rectangular lattice hides information about the angles
of incidence, since all segments of the workpiece surface
are approximated as either horizontal or vertical rectangles.
This implies that taking into account the dependence of the
reflection coefficient on the angle of incidence cannot pro-
vide much improvement to the accuracy of the model due
to the lack of knowledge of the latter. For this reason, in
what follows, the reflection coefficient for all angles is taken
to be that of perpendicular incidence. Figure4 suggests that
when an arbitrary polarization is considered, this is a good
approximation for a wide range of angles.

3 Validation

3.1 The validation case study

In order to validate the model developed in Section 2, a
comparison with experimental results from the literature was
performed. The case study geometry is depicted in Fig. 10.
The laser source is considered moving along the y-axis, cut-
ting material from a stainless steel AISI 304L plate. The
case study comprises of two different laser sources, namely
a CO2 and a fiber laser source. A combination of Neumann
and Dirichlet boundary conditions is selected on the edges
of the grid along the width and length directions while Neu-
mann conditions are applied at the top and bottom of the
grid. The width and the length of the simulated area are

Fig. 9 The approximation of the
shape of the keyhole in the
rectangular lattice
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Fig. 10 The geometry of the
case study, as well as the
boundary conditions applied

0.8 mm × 0.8 mm, respectively, while the simulated sheet
thickness is increased by 10% compared to the experimental
data, in order to capture the maximum cutting depth without
disturbing the bottom boundary conditions significantly.

Table 1 Thermophysical properties of SS304 [41]

Parameter Symbol Value

Thermal ks 10.33 W
m·K

conductivity +
(

15.4 × 10−3 W
m·K2

)

T

at solid phase −
(

7 × 10−6 W
m·K3

)

T 2

Thermal kl

conductivity 6.6 W
m·K

at liquid phase +
(

1.214 × 10−2 W
m·K2

)

T

Specific heat cps 443 J
kg·K +

(

0.2 J
kg·K2

)

T

at solid phase −
(

8 × 10−5 J
kg·K3

)

T 2

Specific heat cpl 800 J
kg·K

at liquid phase

Mass density ρs 8169.298 kg
m3 −

(

0.501 kg
m3·K

)

T

at solid phase

Mass density ρl 8198.48 kg
m3 −

(

0.8 kg
m3·K

)

T

at liquid phase

Latent heat Lm 2.9 × 105 J
kg

of fusion

Latent heat Le 7.7 × 106 J
kg

of evaporation

Melting Tm 1673 K

temperature

Evaporation Te 3073 K

The actual sheet metal thickness varies between 4 and
10 mm. The simulated width and length have been chosen so
that the simulated portion of the actual sheet metal is large
enough so that the temperature field on the edges of the sim-
ulated region remains approximately at the initial (room)
temperature during the process. This ensures that the sim-
ulation results are insensitive to the combination of Dirichlet
and Neumann conditions applied in these boundaries. The
initial temperature is set to 300 K. The selected grid dimen-
sions alongside with the modelling assumptions that have
been presented in Section 3 enable the development of a
fast-running simulation tool that can provide insights about
the effect of process parameters on the process KPIs.

There are some criteria that should be satisfied by the
lattice cell dimensions and the time step so that the finite-
differences formulation of the differential problem converges
to the actual solution of the continuous problem and it does
not enter into an oscillatory region. Let δx , δy, and δz be the

Table 2 Laser parameters and optical properties of SS304 for CO2 and
fiber laser

Parameter Symbol Value
Fiber CO2

Used output power P 3 kW 3 kW

Wavelength λ 1.0 μm 10.6 μm

Beam quality factor M2 6.2 1.6

Focal radius r0 50 μm 85 μm

Focal length f 254 mm 190 mm

Cutting speed v 0.5-45 m
min 0.5-25 m

min

Reflectivity solid Rs 0.69 0.90

Reflectivity liquid Rl 0.56 0.86

123

960 The International Journal of Advanced Manufacturing Technology (2024) 134:949–968



dimensions of the lattice cells and δt the time step. Then, the
convergence criteria read

δt <
δx2

2α
, δt <

δy2

2α
, δt <

δz2

2α
, (26)

where α is the thermal diffusivity of the workpiece material.
Improving the convergence requires reducing the time step,
thus increasing the computational time. This should be done
until the solution becomes insensitive of further decrease of
the time step. Further decrease of the time step does not

Fig. 11 Indicative temperature (a, c, e, and g) and phase (b, d, f, and
h) distributions on the workpiece for CO2 (a, b, c, and d)and fiber (e,
f, g, and h) laser sources on the top horizontal workpiece surface (a, b,
e, and f) and the vertical plane that is perpendicular to the laser head
motion (c, d, g, and h). The distance of the vertical planes from the laser

head is equal to 4/5 of the distance that the latter has travelled during the
simulation, so that the keyhole is fully deployed and the phase distribu-
tion has been stabilized considering a stable process with steady-state
conditions. Therefore, in these sections, the critical kerf dimensions can
be obtained

123

961The International Journal of Advanced Manufacturing Technology (2024) 134:949–968



improve the results and increases the computational time.
The analysis resulted in an optimal cell size of 10 μm ×
10μm×16μm and time step of 1μsec. Of course, selecting
larger values for the cell dimensions appears to facilitate the
selection of a larger time step, satisfying at the same time the
convergence criteria. However, the dimensions of the cells
are bound to physical constraints. For example, the δx and
δy should not become larger than the laser spot size in order
to capture correctly the in-falling energy flux.

In order to validate the model, the study of S. Stelzer et
al. with experimental results was selected [16]. In this study,
two different laser sources are examined at cutting stainless
steel 304 (SS304). Then, the achieved kerf width at max-
imum acceptable cutting speed for achieving the required
cutting depth was measured. The cases regarded metal sheet
thickness varying between 4 and 10 mm. The studied cases
are all single tracks.

The developed simulation tool receives temperature-
dependent thermophysical and optical properties of SS304
for both its liquid and solid phase as input. A cubic poly-
nomial approximation for these properties was used. The
coefficients for the cubic polynomials of the thermophysi-
cal properties have been provided from the work of J. Juan
et al. on the thermophysical properties of several materials
[41] and are summarized in Table 1. The optical proper-
ties, namely the reflectivity at the wavelengths of both laser
sources are provided by the study of J. Xie et al. [42] and
are summarized together with the laser beam parameters in
Table 2.

3.2 Keyhole dimensions

A simulation tool was developed based on the model
described in Section 2. The tool was built with the use of
the language C. The output of the model is the temperature
field at any desired time instance, aswell as the distribution of
phases in theworkpiece. The kerf width and the achieved cut-
ting depth from the simulations are extracted by measuring
the related dimensions from a phase plot. Indicative outputs
of the model are depicted in Fig. 11.

These outputs indicate that there is a distinctive difference
at the kerf width between the CO2 and fiber laser sources.
This is due to the larger spot size in the case of CO2 laser.
In addition, the lower reflectivity in the case of fiber laser is
the main reason for the greater achieved depth. It is worth
mentioning that the area of liquid material that is located in
the middle of the cutting depth is caused by the defocusing
effect at increased depths. The fiber laser has a higher beam
quality factor compared to the CO2; thus, the defocusing
effect is more detrimental in that case.

In order to better understand the influence of the defo-
cusing and multiple reflections provisions of the model, we
compare the experimental results to the outputs of both the
original model [6], which does not take into account laser
defocusing and multiple reflections and the developed model
described in Section 2. This comparison is presented in
Table 3 and depicted in Fig. 12.

Asexpected, theenthalpymethod-basedmodelwithout defo-
cusing provisionsoverestimates the achieved cutting depth and
underestimates the achieved kerf, especially for large sheet
thickness. Themodel developed in thiswork provides amuch
better approximation. Especially, as long as the achieved cut-
ting depth is concerned, the convergence to the experimental
results is very satisfactory at the range of 10–15%.

3.3 Heat-affected zone

The developed simulation tool provides the temperature field
in the workpiece. Therefore, it is possible to study the heat-
affected zone (HAZ) by the laser cutting process. This study
is used as a supplemental validation of the model. According
to an analysis of the heat-affected zone generated by CO2

laser, while cutting of low carbon steel made by M. Zaied et
al. [43], the HAZ width of the S235 steel is an increasing,
almost linear function of the laser power. In this work, HAZ
is defined as the region of the workpiece that has been heated
over 700 K. The HAZ predicted by the simulation tool can be
easily derived from the temperature field output. Indicative
examples of the temperature field for various values of the
laser power are depicted in Fig. 13. The width of the HAZ at

Table 3 Cutting depth and kerf
width from experiments and the
enthalpy-method simulation tool
without and with provisions for
laser defocusing and multiple
reflections in the case study of
laser cutting with a CO2 and a
fiber laser source

CO2 laser source Fiber laser source
Depth (mm) Kerf (mm) Depth (mm) Kerf (mm)

Sheet Exper- Simulation Exper- Simulation Exper- Simulation Exper- simulation
thickness iment w/o* with iment w/o with iment w/o with iment w/o with
(mm) defocusing defocusing defocusing defocusing

4.0 4.0 2.7 2.8 0.4 0.47 0.59 4.0 4.4 4.0 0.25 0.21 0.37

6.0 6.0 6.2 4.5 0.6 0.51 0.71 6.0 8.0 8.0 0.55 0.35 0.55

8.0 8.0 7.9 7.3 0.8 0.61 0.75 8.0 16.0 9.5 0.6 0.37 0.65

10.0 10.0 12.0 9.3 0.9 0.61 0.90 10.0 20.0 10.0 0.9 0.48 0.73

*w/o stands for without
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Fig. 12 Comparison of cutting depth (a and c) and kerf (b and d) for a CO2 (a and b) and a fiber (c and d) laser source, between experiments and
model output

the horizontal plane as predicted by the simulation tool for
various values of the laser power is presented in Table 4 and
depicted in Fig. 14.

The model outputs show that the HAZ increases as the
laser power increases, in line with the literature results [43].
This is also clearly visible in the indicative examples of the
temperature field that are depicted in Fig. 13. These examples
show that the HAZ width is an increasing function of laser
power at both the horizontal and vertical planes.

3.4 Dependence of keyhole on the focal plane

An issue that is closely related to the effect of the defocusing
is the dependence of the achieved keyhole depth on the posi-
tion of the focal plane. When the focal plane lies above the
workpiece surface, the in-falling laser beam intensity reach-
ing the workpiece surface is smaller than the intensity that
falls on the workpiece when the focal plane lies at the work-
piece surface, therefore resulting in a smaller keyhole depth.

The same holds if the focal plane lies very deeply inside the
workpiece. In the latter case, the laser may never manage to
produce a keyhole as deep as the position of the focal plane.
Obviously, there is an optimum depth for the focal plane and
several studies support that this lies at about one-third of the
depth of the workpiece [14, 15].

Using the developed simulation tool, we performed an
investigation of this issue for two different values of sheet
thickness: w = 4 mm and w = 6 mm with a fiber laser
source. In both cases, the laser power and speedwere selected
as optimal values from the literature, i.e., as values that when
the focal plane lies at the appropriate location successful cut-
ting of the laminate is achieved. Then, only the position of
the focal plane was varied in the simulations. The results are
presented in Table 5 and depicted in Fig. 15.

As visible in both Table 5 and Fig. 15, the maximal cutting
depth is achieved when the focal plane lies at about one-
third of the sheet thickness below the top surface, i.e., when
d f
w

� 1
3 , in linewith the literature. Furthermore, thismaximal

cutting depth is approximately equal to the sheet thickness in
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Fig. 13 The temperature field in the horizontal plane at the top surface of the substrate (a, b, c, and d) and the vertical plane that is perpendicular
to the laser beam motion (e, f, g, and h) for various values of the laser power

both cases. The reader should bear in mind that the simulated
workpiece width was 10% larger than the actual laminate
width in order to better capture the process performance.
The above provides an additional validation of the developed
model.

3.5 Running times

The structure of the model that has been presented in Sec-
tion 2 favors parallel computing; it can be easily applied at
the computational loops that calculate the heat currents and

temperature field at each lattice cell. These loops can be dis-
tributed to many cores of the CPU, essentially assigning a
part of the lattice at each core, improving the computational
time. However, in this work, the code has not been paral-
lelized and it only leverages process-modelling techniques
so that it is fast enough for engineering decisions at early
design phases.

The computational efficiency of the proposed method is
proven by the fact that the simulation requires approximately
120min for the case of minimum depth (w = 4 mm) and 6h
for the case maximum depth (w = 10 mm) on a typical PC
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Table 4 The HAZ width on the horizontal plane as a function of the
laser power according to the model

Laser power (kW) HAZ width (mm)

0.5 0.67

1.0 0.73

1.5 0.75

2.0 0.80

3.0 1.00

(Intel Core I7-7820X CPU @ 3.60 GHz, 64 GB of RAM).
Indicatively, the domain size was 0.8 mm×0.8 mm×(1.5×
sheet thickness)with a cell size of 10μm×10μm×16μm.
The transient simulation was running for a simulation time
of 5 ms with a time step of 1 μsec. The proposed model
provides a significantly lower computational time than the
more traditional methods in the literature, e.g., [44].

4 Discussion

The validation of the model pointed out the low compu-
tational time and the accordance of results with real-life
experiments. The model has been tested in the laser cutting
process with inert assisting gas.

The model can be used in an attempt to reduce the
energy footprint of the laser cutting process, since the energy
efficiency of the process can be calculated for various combi-
nations of materials and process parameters. An appropriate
definition of the energy efficiency in the laser cutting pro-
cess [45] can easily be incorporated into the model in order
to study the dependence of the efficiency of the process on
process parameters such as power, speed, laser wavelength,
or the focal level. The material properties are also a signif-
icant parameter to be considered during the examination of
process efficiency, since more reflective materials such as
copper could ask for higher levels of power. Therefore, vari-

Fig. 14 The HAZ width on the horizontal plane as a function of the
laser power according to the model

Table 5 The achieved cut depth as a function of the position of the
focal plane relative to the workpiece surface

Case study 1 Case study 2

Sheet width w = 4 mm w = 6 mm

Laser power P = 3 kW P = 3 kW

Spot radius r0 = 85 μm r0 = 85 μm

Focal length f = 190 mm r0 = 190 mm

Laser speed v = 83 mm/s v = 30 mm/s
d f
w

Cutting depth (mm)

0 3.6 5.2

1/6 3.8 6.2

1/3 4.0 6.6

1/2 3.8 6.2

2/3 3.4 4.6

ous sources of lasers should be examined for each case since
the reflectivity of the material has a strong dependence on
the wavelength. This information can be introduced to the
model to create a map for the dependence of process energy
efficiency on the process variables.

The same workflow can be followed for the keyhole laser
welding, since the process principles are the same and the
model can be used without modifications. Only the KPIs that
characterize the quality and the energy efficiency of the pro-
cess should be adapted accordingly. Once again, the process
efficiency can be examined in the same way as in the case
of laser cutting, defining the efficient process window via
the mapping of the effect of process variables on the process
efficiency.

Finally, the examination of HAZ and the thermal history
of the workpiece could be used in order to link the pro-
cess parameters with the residual stresses in keyhole laser
welding. This output is of interest for the user since it is

Fig. 15 The achieved cut depth as a function of the position of the focal
plane relative to the workpiece surface
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known that on the heat-affected zone, the material properties
are downgraded and heat treatments are usually proposed.
Via the direct calculation of the temperature field by the
model, strategies to reduce residual stresses could be devel-
oped in order to improve the quality of the workpiece. The
experimental validation of these features would require the
experimental specification of the heat map during the laser
welding process in real time.

5 Conclusions

The inclusion of laser beam defocusing and the alter-
ation of the effective reflectivity of the keyhole to the
enthalpy-method-based finite-differences algorithm signifi-
cantly improves the convergence of the model predictions
with the experimental data in keyhole laser processes, such
as laser cutting, without adding significantly to the com-
putational complexity. The improvement is quantified via
the comparison of the experimental cutting depth and kerf
dimension to those predicted by the model, as well as via the
investigation of the dependency of the HAZ on laser power
and the sensitivity of the cutting depth on the position of the
focal plane. Moreover, the computational times for an indus-
trial case study with SS304 as working material and CO2 and
fiber laser machines as laser sources are almost half of those
in the literature, while the accuracy of the model is compa-
rable to the accuracy of multi-physics models. Apart from
the quality of the model predictions, the model can be easily
used for different materials or laser sources by adjusting the
material and laser parameters. As future work, the tool can be
used for the study of the energy efficiency of laser cutting and
keyhole laser welding. An important additional advantage of
the model is the fact it provides the full thermal history of
the workpiece as a direct output, and thus, it can be used to
study the HAZ and calculate the residual stresses in the case
of the laser welding process.
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