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Abstract. A numerical code for the time-dependent three-dimensional modelling of the laser surface heat-
ing for the hardening of metallic materials has been developed by the authors. The temperature-dependence
of the thermal properties of the material (stainless steel) is taken into account in the frame of a heating
process that doesn’t lead to material melting or evaporation. Calculations have been carried out for var-
ious dimensions of the parallelepiped-shaped and of the square-shaped spot of the laser beam, as well as
for different scanning velocity and for different levels of the laser source power. Various patterns of the
laser spot path have also been studied, including a single-pass hardening pattern, a double-pass harden-
ing pattern with and without overlapping, multiple discontinuous and continuous hardening patterns and
spiral hardening patterns. The presented results show how the proposed model can be usefully employed
in the prediction of the time-evolution of temperature distribution which arises in the workpiece as a con-
sequence of the laser-workpiece interaction under operating conditions typically encountered in industrial
applications of the laser hardening process.

PACS. 42.62.Cf Industrial applications – 44.05.+e Analytical and numerical techniques

1 Introduction

High-power laser facilities are widely used in industrial
processes of welding, cutting, drilling as well as for surface
treatments of materials. In particular, laser sources can
provide a controllable high-density energy deposition in
selected areas for producing thin hardened surface layers
in a workpiece of metallic material (laser surface harden-
ing, LSH). When a laser beam impinges on the surface of
a workpiece, part of its energy is absorbed by the surface
and suddenly turns into thermal energy. If this absorbed
energy is high enough, heat is generated in this region at
a rate higher than the rate at which it flows to the bulk
of the material by conduction. In this circumstances, the
temperature of the surface layers increases very quickly
and in this region austenitization may occur, being the
bulk temperature of the material essentially unaffected.
Moving the workpiece with respect to the laser source,
a point on the surface of the workpiece within the beam
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track is rapidly heated as the laser spot approaches it and
passes, and is rapidly cooled by heat conduction to the
bulk of the material after the beam has passed. By prop-
erly selecting the process parameters (power of the laser
beam, relative laser source-workpiece velocity (scanning
velocity), shape and dimensions of the workpiece area on
which the laser beam impinges (laser spot), power distri-
bution in the cross-section of the beam), the heating and
cooling of the metallic material may be suitably controlled
in order to allow hard martensite to form at the surface
as a consequence of the treatment [1].

A lot of factors, besides the just mentioned process
parameters, influence the evolution of the temperature
distribution in the three-dimensional workpiece as a con-
sequence of the laser-material interaction including the
absorption coefficient of the workpiece, the properties of
the treated material (such as its thermal conductivity, spe-
cific heat and emissivity) and the shape and dimensions
of the workpiece itself [1,2]. When all these parameters
are known, the thermal behaviour of the treated work-
piece may be evaluated by means of analytical expressions
available in the literature [1,3–10]. Yet, these expressions,
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with few exceptions, come from idealized models of the
heating process and assume that heat flows only in
the direction perpendicular to the treated surface (one-
dimensional heat flow), and that the workpiece is very
large, compared to the spot size. As a consequence, they
don’t permit to evaluate the effects of the edges and
corners of the workpiece, which tend to concentrate the
heat flow. In addition, most of the proposed models as-
sume that the thermal properties of the metal don’t vary
with temperature. In reality, heat diffusion is a three-
dimensional phenomenon, the dimensions of the work-
piece are often comparable with the laser spot ones and
the thermal properties of the metals, especially its ther-
mal conductivity, are not at all temperature-independent.
Moreover, the majority of the developed models is devoted
to study the process under quasi steady-state conditions,
while a fully time-dependent model is necessary to inves-
tigate the thermal behaviour of the workpiece under re-
alistic conditions. In addition, sometimes it is necessary
to implement complex patterns of the laser spot, or to
overlap hardening passes, or to take into account the pres-
ence of edges and other geometrical discontinuities of the
piece [1]. As far as the authors know, no analytical expres-
sion is available for the evaluation of the effects of these
events on the process result. In this framework, numerical
simulation is an useful tool as it permits to reduce the
idealization errors that affect the analytical expressions.
It becomes also feasible to consider real workpiece geome-
try and complex patterns of the hardening passes. Besides
that, numerical simulation may also help in optimizing the
process itself. In this paper we present a numerical inves-
tigation on the effects on the thermal behaviour of the
treated material of changing one or more process parame-
ters: power of the laser beam, dimensions of the laser spot,
scanning velocity and pattern are taken into account in the
frame of a heating process that doesn’t lead to material
melting or evaporation. The temperature-dependence of
the thermal properties of the treated material are care-
fully taken into account, as well as realistic shape and
dimensions of the workpiece are examined.

2 Modelling approach

The transient three-dimensional transport equation gov-
erning the energy transfer in the workpiece excluding
material melting or evaporation, written in terms of en-
thalpy (h) for a metal of density ρ, thermal conductivity k
and constant-pressure specific heat cp

∂(ρh)
∂t

= ∇ ·
(

k

cp
∇h

)
(1)

is discretized with a finite-volume technique [11] and
solved in the reference frame of the workpiece with a nu-
merical code recently developed by the authors [12]. The
solution is obtained by marching in time from a given
initial uniform distribution of temperature in the work-
piece (300 K). With this regard, a fully-implicit scheme
is adopted. The temperature-dependence of the thermal

Fig. 1. Schematic of the workpiece and of the laser beam with
process parameters and boundary conditions.

properties of the material (stainless steel) has been suit-
ably taken into account.

Since in laser surface hardening the thermal energy is
generated by absorption of the laser radiation at the sur-
face of the workpiece, no sources of thermal energy exist
inside the workpiece and no source term is to be included
in the governing equation: the increase of temperature in
the material is exclusively due to heat conduction. Equa-
tion (1) is subject to boundary conditions that take into
account the heat introduced in the piece by the laser beam,
the heat dissipated at the boundary surfaces via convec-
tion (cooling effect of the ambient gas), and the heat radi-
ated by the body in accordance to the Sfefan-Boltzmann’s
law:

k

cp

dh

dn
= αq − hc (T − Ta) − εσ

(
T 4 − T 4

a

)
.

In this expression, the term on the left hand side rep-
resents the incoming heat flux perpendicular to the sur-
face of the workpiece (n is the direction perpendicular to
the workpiece boundary), hc is the convection coefficient
(hc = 2500 W/m2K); T is the surface temperature of the
workpiece; Ta is the ambient temperature (Ta = 300 K);
ε is the emissivity of the metal (assumed to be equal to 0.4,
typical value for a polished metallic surface); σ is the
Sfefan-Boltzmann constant (5.67 × 10−8 W/m2K4). The
term q represents the heat flux on the surface related to
the laser beam (strictly perpendicular to the boundary),
which is partially absorbed by the metal, and is assumed
to be zero outside the region of the surface on which im-
pinges the laser beam (spot of the laser beam, see Fig. 1).
The absorption coefficient, α, is considered to be indepen-
dent from the surface temperature and equal to 70%. The
spot of the laser beam is square-shaped and the heat flux
is uniformly distributed over the spot (q = P/l2s, where P
is the power of the laser source and ls is the edge of the
square-shaped laser spot).

3 Selected results

Time-dependent three-dimensional simulations of the
laser surface heating process have been carried out by
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Fig. 2. Schematic of the workpiece and of the laser source
moving along the x-direction with a single-pass hardening pat-
tern.

Fig. 3. Maximum temperature of the workpiece treated with a
single-pass hardening pattern (see Fig. 2) for different scanning
velocity (vs) and power of the laser source (P ). Common op-
erating conditions: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm;
ls = 10 mm. Temperature distributions in the workpiece for
the cases indicated with letters from A to D are reported in
Figures 4, 5, 6 and 7.

means of a numerical code recently developed by the au-
thors [12]. Calculations have been carried out for various
dimensions of the parallelepiped-shaped workpiece (with
dimensions Lx, Ly and Lz) and of the square-shaped
spot of the laser beam (with side ls), as well as for dif-
ferent scanning velocities (vs, relative workpiece — laser
source velocity) and for different levels of the laser source
power (P ). Various patterns of the laser spot path have
also been studied, including a single-pass hardening pat-
tern (represented schematically in Fig. 2), a double-pass
hardening pattern with and without an overlapping of the
subsequently treated zones of the workpiece surface (rep-
resented in Fig. 11), multiple discontinuous and continu-
ous hardening patterns (represented in Figs. 15a and 16a,
respectively) and spiral hardening pattern, covered coun-
terclockwise and clockwise (i.e. from the periphery to the
centre of the workpiece and from the centre to the periph-
ery, as sketched in Figs. 17a and 18a, respectively).

For the case of a single-pass hardening pattern (Fig. 2),
the results of a detailed parametric study on the effects
of changing the power level (P ) and the scanning veloc-
ity (vs) for fixed dimensions of the spot (ls = 10 mm)
and of the workpiece (Lx = 100 mm; Ly = 40 mm;
Lz = 5 mm) are shown in Figure 3. It may be appre-
ciated how, for a fixed power level of the laser source, an
increase in the scanning velocity leads to a reduction in

the maximum temperature reached in the workpiece. The
same effect is associated to a reduction in the power level
of the laser source for a fixed scanning velocity.

With this regard, it can be noticed that different com-
binations of the power level of the laser source and of the
scanning velocity can lead to very similar values of the
maximum temperature reached in the workpiece. For ex-
ample, the three operating conditions with P = 4 kW
and vs = 1.5 m/min (case A), with P = 2.5 kW and
vs = 0.5 m/min (case B) and with P = 5 kW and
vs = 2.5 m/min (case C), all give rise to very similar
values of the maximum encountered temperature, that is
pretty close to 1470 K (1200 ◦C, for ease of comparison
with most of the literature results). Nevertheless, as Fig-
ures 4a, 5a and 6a show, the time-evolution of temperature
in fixed points of the workpiece (points at the centre of the
horizontal planed x-y for different z coordinate, see Fig. 2)
are quite different from each other. In particular, under the
operating conditions of case A, both heating and quench-
ing of the fixed points happen at lower rates than those
encountered under the operating conditions of case B and
case C. As a consequence, the effects of the heat treatment
will be different for the three discussed situations, being
the quality of the hardened zones strongly influenced by
the heating and quenching rate of the thermal cycle. Ever
the width and height of the hardened regions will be dif-
ferent in the three analyzed cases, as show the comparison
between Figures 4b, 5b, 6b and Figures 4c, 5c, 6c.

Figures 6 and 7 show the effect of changing the power
level of the laser source (P = 5 kW for case C, represented
in Fig. 6 and P = 4 kW for case D, represented in Fig. 7),
for a scanning velocity equal to 2.5 m/min and for work-
piece and laser spot dimensions equal to those of the pre-
vious discussed cases. As expected, the higher the power,
the higher the value of the maximum temperature reached
in the workpiece. From a comparison between Figures 6c
and 7c it may also be observed that a higher power level
of the laser source entails a steeper temperature gradients
in the surface layers.

The effects of changing the scanning velocity, keeping
unchanged the power level of the laser source (equal to
4 kW), are evidenced from a comparison between Figure 5
(case B, with vs = 1.5 m/min) and Figure 7 (case D, with
vs = 2.5 m/min). With this regard, it is interesting to note
how the case with lower scanning velocity is characterized
by a higher temperature of the heat affected zone but
also by a lower quenching rate and by a more pronounced
diffusion of the heat in the bulk of the workpiece.

Figures 8, 9 and 10 show the effects of changing the
spot size (ls = 5, 10 and 15 mm for Figs. 8, 9 and 10, re-
spectively) on the temperature distribution in the work-
piece for a fixed power density in the spot of the laser
beam, equal to 3×107 W/m2. The results are reported in
the form of snapshots of the temperature distribution on
the surface of the workpiece (x-y plane for z = 0) and on
two planes perpendicular to the x- and y-axis, respectively
(y-z plane for x = 50 mm and x-z plane for y = 20 mm).
In all cases, the snapshots are taken when the centre of
the laser spot passes through the centre of the workpiece
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Fig. 4. (Case A) Temperature evolution on the vertical axis passing through the centre of the workpiece (a) and temperature
distribution (at time t = 7.08 s) on a vertical plane parallel to the y-axis and passing through the centre of the workpiece (b, c).
Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 2.5 kW; vs = 0.5 m/min;
ls = 10 mm; type of pattern: single-pass hardening pattern.

Fig. 5. (Case B) Temperature evolution on the vertical axis passing through the centre of the workpiece (a) and temperature
distribution (at time t = 2.36 s) on a vertical plane parallel to the y-axis and passing through the centre of the workpiece (b, c).
Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 4 kW; vs = 1.5 m/min;
ls = 10 mm; type of pattern: single-pass hardening pattern.

Fig. 6. (Case C) Temperature evolution on the vertical axis passing through the centre of the workpiece (a) and temperature
distribution (at time t = 1.416 s) on a vertical plane parallel to the y-axis and passing through the centre of the workpiece
(b, c). Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 5 kW; vs = 2.5 m/min;
ls = 10 mm; type of pattern: single-pass hardening pattern.

Fig. 7. (Case D) Temperature evolution on the vertical axis passing through the centre of the workpiece (a) and temperature
distribution (at time t = 1.416 s) on a vertical plane parallel to the y-axis and passing through the centre of the workpiece
(b, c). Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 4 kW; vs = 2.5 m/min;
ls = 10 mm; type of pattern: single-pass hardening pattern.
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Fig. 8. Temperature distribution (at t = 3.12 s) on the surface of the workpiece (a) and on two planes perpendicular to the
x- (b) and to the y-axis (c). Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters:
P = 0.75 kW; vs = 1 m/min; ls = 5 mm; type of pattern: single-pass hardening pattern.

Fig. 9. Temperature distribution (at t = 3.3 s) on the surface of the workpiece (a) and on two planes perpendicular to the
x- (b) and to the y-axis (c). Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters:
P = 3 kW; vs = 1 m/min; ls = 10 mm; type of pattern: single-pass hardening pattern.

 

  

                              

  
 

 

  

                                                

  
 

 

  

  
 

                               
 

Fig. 10. Temperature distribution (at t = 3.42 s) on the surface of the workpiece (a) and on two planes perpendicular to the
x- (b) and to the y-axis (c). Dimensions of the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters:
P = 6.75 kW; vs = 1 m/min; ls = 15 mm; type of pattern: single-pass hardening pattern.

surface (i.e. when the coordinates of the laser spot are
xc = 50 mm and yc = 20 mm). The scanning velocities
are all equal to 1 m/min and the power level of the laser
source varies from 0.75 kW when ls = 5 mm (Fig. 8) to
3 kW when ls = 10 mm (Fig. 9) and to 6.75 kW when
ls = 15 mm (Fig. 10) in order to let the power density be
the same. As expected, the dimensions of the region where
the temperature exceeds the austenitization temperature
(assumed to be equal to 780 ◦C, indicated by the contour
lines in the temperature maps) increase as the spot gets
bigger.

The case of double-pass hardening pattern, of prac-
tical interest, has also been considered, in the situations
of overlapping, non-overlapping and of a gap left between
the two parallel tracks of the laser beam (see Fig. 11).

Fig. 11. Schematic of the workpiece and of the laser source
moving on the workpiece surface with a double-pass hardening
pattern with an overlap between the parallel tracks (lov > 0),
with a non-overlap (lov = 0) or with a gap left between the
two parallel tracks (lov < 0).
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Fig. 12. Evolution of the temperature on the surface of the workpiece along the y-axis for different x positions. Dimensions of
the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 2.5 kW; vs = 0.5 m/min; ls = 10 mm; type
of pattern: double-pass hardening pattern with a 2 mm overlap (lov = 2 mm).

    

  
 

Fig. 13. Evolution of the temperature on the surface of the workpiece along the y-axis for different x positions. Dimensions of
the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 2.5 kW; vs = 0.5 m/min; ls = 10 mm; type
of pattern: double-pass hardening pattern with no overlap (lov = 0).

 

 

  
 

Fig. 14. Evolution of the temperature on the surface of the workpiece along the y-axis for different x positions. Dimensions of
the workpiece: Lx = 100 mm; Ly = 40 mm; Lz = 5 mm. Working parameters: P = 2.5 kW; vs = 0.5 m/min; ls = 10 mm; type
of pattern: double-pass hardening pattern with a 2 mm gap between the parallel passes (lov = −2 mm).

Temperature distributions in the workpiece are re-
ported in Figures 12, 13 and 14 for cases with, respec-
tively, an overlapping of 2 mm, a non-overlapping, and a
gap of 2 mm left between the parallel tracks (lov = 2 mm;
lov = 0; lov = −2 mm in the first, second and third case,
respectively). All the simulations are relative to a case
with a power level of the laser source equal to 2.5 kW,
a scanning velocity of 0.5 m/min and a laser spot with a
100 mm2 cross-section (ls = 10 mm). The reported results
aim at putting into evidence the time-evolution of the sur-
face temperature along the y-direction for three different
values of the x-coordinate (x = 80, 90 and 95 mm), in or-
der to highlight the effects of the overlapping as the laser
spot approaches the abrupt changes in directions.

Complex patterns of the laser spot path of industrial
interest have also been studied: multiple-discontinuous
hardening pattern (Fig. 15a), multiple-continuous pattern
(Fig. 16a) and spiral pattern covered counterclockwise and
clockwise, i.e. from the periphery to the centre of the
workpiece and from the centre to the periphery, (Figs. 17a
and 18a, respectively) have been studied.

For all these complex patterns, the temperature of the
moving centre of the laser spot in test cases (P = 5 kW;
vs = 3 m/min; Lx = 60 mm; Ly = 60 mm; Lz = 5 mm;
ls = 10 mm) is reported in Figures 15b, 16b, 17b and 18b,
showing the effects on the heating process of the different
trajectories and of sharp discontinuities in the path (for
the case of multiple-discontinuous hardening pattern) or
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Fig. 15. Schematic of the workpiece with multiple, discontinuous hardening pattern (a); temperature evolution of the moving
centre of the spot (b) and thermal history of the points laying on the workpiece surface at different positions along the path of
the laser spot centre (c). Dimensions of the workpiece: Lx = 60 mm; Ly = 60 mm; Lz = 5 mm. Working parameters: P = 5 kW;
vs = 3 m/min; ls = 10 mm.

Fig. 16. Schematic of the workpiece with multiple, continuous hardening pattern (a) and temperature evolution of the moving
centre of the spot (b) and thermal history of the points laying on the workpiece surface at different positions along the path of
the laser spot centre (c). Dimensions of the workpiece: Lx = 60 mm; Ly = 60 mm; Lz = 5 mm. Working parameters: P = 5 kW;
vs = 3 m/min; ls = 10 mm.

Fig. 17. Schematic of the workpiece with spiral hardening pattern from the periphery to the centre (a) and temperature
evolution of the moving centre of the spot (b) and thermal history of the points laying on the workpiece surface at different
positions along the path of the laser spot centre (c). Dimensions of the workpiece: Lx = 60 mm; Ly = 60 mm; Lz = 5 mm.
Working parameters: P = 5 kW; vs = 3 m/min; ls = 10 mm.

Fig. 18. Schematic of the workpiece with spiral hardening pattern from the centre to the periphery (a) and temperature
evolution of the moving centre of the spot (b) and thermal history of the points laying on the workpiece surface at different
positions along the path of the laser spot centre (c). Dimensions of the workpiece: Lx = 60 mm; Ly = 60 mm; Lz = 5 mm.
Working parameters: P = 5 kW; vs = 3 m/min; ls = 10 mm.
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abrupt changes in direction of the laser spot (for the case
of multiple-continuous and spiral hardening patterns).

Figures 15c, 16c, 17c, 18c show the time-evolution of
the temperature along the curvilinear coordinate s of the
moving centre of the laser spot. From these results, infor-
mation concerning the changing in time of the tempera-
ture of the points laying on the workpiece surface along
the path of the centre of the laser spot may be extracted.
This kind of representation of the results permits a visu-
alization of the temperature history of the points that lay
on the path of the moving laser spot centre.

In all cases, it is appreciable how an abrupt change in
direction of the laser spot, or a discontinuity in its path,
turns into a peak in the local temperature in the proximity
of the singularity. This is one of the major drawbacks of
complex patterns, as it may lead to a loss of uniformity in
the thermal treatment.

The presented results show how the proposed model
can be usefully employed in the prediction of the time-
evolution of temperature distribution which arises in a
parallelepiped-shaped workpiece as a consequence of the
laser-workpiece interaction, in absence of material melting
or evaporation, under operating conditions typically en-
countered in industrial applications of the laser hardening
process. As a next step, experiments will be performed in
order to compare experimental data concerning the tem-
perature reached in the workpiece and the results obtained
by means of the simulation tools developed by the au-
thors. With this regard, a 3 kW CO2 laser source will be
employed. Experimental work will also include hardness
tests as well as internal stress measurements conducted
using mechanical relaxation methods.
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