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The cutting process of materials with the use of laser techniques is now widely used in industry.
Coupled thermomechanical phenomena occur in the laser cutting zone as a result of the concentrated
heat source activity. Due to the high dynamics of the cooling process, the formation of the martensitic
transformation is of great importance. This has a significant impact on the local increase in residual
stress and hardness. The paper presents a numerical analysis of the laser beam cutting process, where
the main research is focused on the cutting zone. A three-dimensional numerical model is developed on
the basis of experimental research. The performed experimental tests allow to determine the structural
properties in the cutting zone, i.e., microstructure and microhardness. The influence of the laser beam
power change on the created cutting zone is analyzed. The material parameters of S235Jr steel changing
with temperature are taken into account. The width of the cutting zone is determined numerically on
the basis of performed calculations. The range of the heat affected zone and the hardening depth of the
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cutting zone are determined numerically.
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1. Introduction

Nowadays laser beam cutting is a widespread
laser process in many manufacturing plants. The
high quality of cutting edges and the low cost of
high scale processing are the cause of a wide usabil-
ity of this unconventional processing method [1-3].
The increasing popularity of this method results
from its advantages, such as ease of automation,
high speed of the process, high cutting precision,
narrow heat-affected zone (HAZ) and minimal de-
formation [4, 5]. Laser cutting can be applied to var-
ious materials [6, 7]. The quality of the cut edges of
the material depends on several factors [8, 9]. Dur-
ing the process, the laser beam is directed at the top
surface of the element, creating narrow laser cut-
ting kerfs. The molten metal is removed from the
gap with the aid of auxiliary gas under appropriate
pressure [1]. The high speed of heating and cooling
may favour the formation of hardening structures
in the cutting zone [6].

The paper presents a numerical analysis of the
influence of the laser beam cutting process on the
properties of the cutting zone. The numerical model
is based on an experimental study carried out us-
ing laser cutting of an 8 mm thick sheet of metal.
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The range of the heat affected zone is determined
on the basis of macroscopic examinations of the cuts
of the material, and the microhardness is measured
using a Vickers hardness tester. In the simulation
program, a discrete model of the system is devel-
oped based on the dimensions and technical param-
eters of the experiment. The effect of the laser beam
power change on the creation of the cutting zone is
analyzed. Based on the numerical simulation, the
temperature field in the flat bar is determined. The
width of the cutting zone is numerically estimated
and the range of the heat affected zone is deter-
mined.

2. Experiment

The verification of the developed mathematical
and numerical models is based on an experiment.
Experimental tests of laser cutting with a fiber
laser are carried out on a flat bar with dimen-
sions of 100 mmx160 mmx8 mm. The cut ele-
ments are made of S235Jr structural steel. The laser
beam cutting is performed over a length of 80 mm
as shown in Fig. 1. Process parameters of laser
cutting are as follows: power = 4000 W, cutting
speed = 35 mm/s, focus = +2.0 mm, protective
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Fig. 1. Laser-cut elements with the thickness of
8 mm.
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Fig. 2. Macroscopic view of the cross-section of

the cutting zone with dimensions.

gas = oxygen, gas pressure = 0.07 MPa, nozzle di-
ameter = 1.5 mm, and the nozzle position above
the material = 1.0 mm.

As a part of the experimental research, a metallo-
graphic examination is made to illustrate the depth
of the heat affected zone near the cutting zone. The
width of the resulting laser cutting, laser cutting
kerfs and the width of HAZ are measured.

Hardness measurements are made of the cut-
ting zone and in the base material. Figure 2 shows
a macroscopic picture of the cut zone. Figure 3
shows the measured HAZ width and depth as well
as the results of microhardness measurements.

On the basis of the obtained measurements, it
can be observed that the hardness in HAZ increases
during the cutting process as a result of the action
of the laser beam on the material.

3. Numerical modelling of laser cutting

The non-linear analysis of thermal phenomena in
the calculation program is based on the energy bal-

ance equation [10]
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Fig. 3. Hardness measurement in the cut zone.

where V' is the volume of a solid material with sur-
face area S, p is the density of the material, U is
the material time derivative of the internal energy,
q is the heat flux per unit area of the body, flowing
into the body, and r is the heat supplied internally
into the body per unit volume. Heat conduction is
assumed to be governed by the Fourier law

f:_k%7 (2)

where k is the conductivity matrix, k = k(T), f is
the heat flux, and z is position.

The solution of the heat transfer equation is sup-
plemented by the initial and boundary conditions
of Dirichlet, Neumann and Newton’s type [8-9, 11].

While developing the computational model, the
simplest mathematical model of a moveable heat
source with Gaussian distribution is considered
to describe the power distribution of the laser

beam [12]. Therefore,
2
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where P is the laser beam power [W], n is the pro-
cess efficiency, h is the penetration depth [m], ¢ is
the beam radius [m|, » = /22 + y? is the actual
radius [m], and z is the actual penetration [m].

The three-dimensional discrete model of the sys-
tem (Fig. 4) is developed in the Abaqus FEA simu-
lation software based on the data from the experi-
ment (Fig. 1). Half of the assumed model is obtained
with the use of appropriate thermal conditions in
the plane of symmetry in order to reduce the calcu-
lation time.

On the surface of the source activity on the ma-
terial, heat exchange by radiation, convection and
evaporation |7, 12] are assumed. Convection and ra-
diative heat exchange with the environment are es-
tablished on the remaining surfaces.

qu(ryz) =
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Temperature field in cross section of laser

cut element, for power (a) 3500, (b) 4000, and (c)

4500 W.
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Based on the macroscopic picture (Fig. 2),
the finite element mesh is set to ensure good
quality of results. The highest density is as-
sumed at the boundary of the heat-affected zone.
The dimension of the mesh element in HAZ is
0.05 mmx0.05 mmx0.02 mm. The element size is
much larger outside HAZ in order to minimize the
calculation time.

4. Results of numerical analysis

For the numerical calculations, the parameters
from the experiment for an 8 mm steel plate are
adopted, i.e., power P = 4000 W, source radius
r = 0.16 mm and penetration depth A = 7 mm.
The cutting speed is 35 mm/s. The calculations are
carried out for three different values of the laser
beam power of 3500, 4000, and 4500 W. The ther-
mophysical properties of S235JR steel are assumed
acceptable on the basis of literature data [13]. The
following parameters are adopted in the model of
thermal phenomena: liquidus temperature T, =
1535°C, solidus temperature Ts = 1517°C, heat of
solidification Hy, = 260 x 10® J/kg, and ambient
temperature T, = 20°C [14]. The obtained simula-
tion results of temperature distributions in the cut
material are presented in Fig. 5.

Figure 5 shows the relevant zones in the cut ma-
terial. The red area indicates the laser cutting kerfs
that has boundary at liquidus (71,) isotherm. The
dashed line in Fig. 5 marks the boundary of the
heat affected zone. The study assumes that the HAZ
boundary is at 7, = 900°C. This value is deter-
mined on the basis of the continuous heating trans-
formation (CHT) diagram [12], assuming that full
austenitization occurs in the zone due to very high
cooling heating rates.

By analyzing the obtained simulation results for
three different powers of the laser beam, it can be
concluded that the increase in the power of the laser
beam causes the enlargement of each zone. A re-
duced value of the beam strength can lead to dete-
rioration in the quality of the cutting edges. With
higher power, the depth of the hardened zone in-
creases, which may lead to difficult further process-
ing of the cutting edges.

5. Conclusions

During the cutting process of the material with
the laser beam, the edges in the cutting zone ex-
perience rapid heating and cooling. This favors the
formation of hardening structures. On the basis of
the presented macroscopic picture, it can be seen
that HAZ is very narrow in the laser-cut material
having a diameter of about 0.17 mm. The hardness
of the material in the zone increased, which may
affect further processing.

Simulation results obtained for different power
of the laser beam allow to estimate the width of
the cutting zone and the change in the width of
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HAZ. The simulation result compared with the ex-
periment for a laser power of 4000 W show that
the obtained zone widths are comparable. Analyz-
ing the remaining cases, it is found that the in-
crease in power causes an increase of the width of
the hardened zone. The numerical model enables
the analysis of cutting zones for various process
parameters.
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