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Abstract 
 

Laser surface hardening is a technology that enables important advantages to be obtained in 
comparison with conventional techniques in terms of accuracy of the heat affected zone and 
productivity. Nevertheless, the development of realistic and flexible models has to be fulfilled in 
order to control the effects of every set of process conditions. Despite many different models having 
been developed, very few of them deal with the increment of absorption related with the 
instantaneous value of the layer of oxide growth during the process in a non-protective atmosphere. 
This work analyzes, on one hand, the problem of oxide formation at the external surface using 
kinetic relations, whose parameters have been related with the process variables, considering non-
equilibrium conditions. Then, the oxide thickness was associated with a value of absorption through 
an innovative formula that considers the path of the laser radiation in the interface oxide-base 
material. On the other hand, when the dimensions of the surface to be treated are larger than the 
cross section of the laser beam several overlapped tracks are needed, and the distance between 
consecutive tracks becomes a fundamental design parameter. This work aims to optimize such 
parameter with the purpose of fulfilling a set of initial requirements avoiding the softening of the 
martensite achieved in the previous track. The model, in conjunction with a convenient geometrical 
characterization of the heat affected zone, enables a design strategy to be implemented which, using 
metallurgical and hardness maps, has the capability of attending different criteria. All the conditions 
proposed in the design of a suitable overlapping distance have been reproduced empirically for the 
case of the 42CrMo4 steel. 
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1. Introduction 
 
Laser surface hardening is an innovative 
technology to increase the hardness and wear 
resistance for industrial parts undergoing cyclical 
loads and/or friction. This process has the potential 
to offer high standards of quality and accuracy of 
the heat affected zone in comparison with 
conventional techniques. 
 
In the laser surface hardening process martensite is 
obtained by a laser beam, with relatively high 
energy density, that traverses the surface of a steel 
part causing a very quick heating (between 
1000K/s and 6000K/s), followed by another quick 
self-quenching of the material. The typical scope 
of the treatment lies between 1 mm and 3 mm, and 
it is limited by the possibility of having adequate 
thermal cycles beyond these positions without 
melting the surface. 
 
One of the collateral consequences of the process 
is the oxidation of the treated surfaces, [1, 2]. The 
high temperature reached during the process, 
(between 900 ºC and 1400 ºC), accelerates the 
kinetic of the chemical reaction between the steel 
and the surrounding air, leading to the formation of 
a layer mainly composed by Fe3O4 [3, 4]. This 
layer increments the absorption of the laser 
radiation up to 40 % from the original conditions. 
Given this significant increment, it is essential to 
introduce a realistic approach of the phenomena in 
the development of any thermal and metallurgical 
model of the process. 
 
Another important characteristic of the laser 
surface hardening is fast austenization. The heating 
rate produced by a moving laser source is 
comparable in order of magnitude with the time 
taken by the carbon atoms to diffuse inside the 
base material to form austenite. The higher the 
heating rate the higher final austenization 
temperature results [5], and therefore, equilibrium 
critical temperature, Ac3, only means an energy 
threshold from which the reaction is 
thermodynamically possible [6], but not a reliable 
reference to ensure complete phase change from 
the base material into austenite.  
 
The present work, firstly, deals with the kinetic of 
the oxidation reaction when a laser is irradiating 
the surface. It proposes the determination of the 
oxide layer coupled with the thermal courses, using 
a kinetic law, whose parameters have been 
functionally related with some process parameters 
characteristic of the laser surface hardening, 
enabling a flexible model to face a wide range of 

process conditions. Once the instantaneous 
thickness can be calculated, the next step is to 
associate it with another instantaneous increment 
of absorption. An innovative formula deduced 
from the path followed by the radiation in the 
interface oxide-base material will be put forward. 
 
In the second place, the accurate thermal courses 
calculated through the thermal-oxidation coupling 
will be analyzed with Avrami law to calculate the 
fraction of austenite resulting from the process. 
This procedure will be done in a way similar to 
what [7] proposes, although, using real thermal 
cycles, with non constant heating and cooling 
rates. 
 
Despite involving a certain computational effort, 
because the thermal courses have to be discretized 
into almost-isothermal steps, the effort is 
significantly lower than having to design and solve 
a network representing the microstructure of the 
base material, and the availability of the model to 
calculate realistic geometries and long duration 
processes is ensured. 
 
2. Material and experimental procedure  
 
The AISI 4140 (EN 42CrMo4) steel in a quenched 
and tempered state has been selected as working 
material. 
 
The geometry of the investigated component 
corresponds to cylindrical rods with diameter 68 
mm and width 20 mm (whose size has been taken 
from the real dimensions of the rod journals of the 
crankshaft from a conventional automotive 
engine). A 30 mm diameter axis has been fixed 
concentrically with the rod allowing it to be 
animated with uniform circular movement. Fig.1 
displays a scheme of the process. The most 
important user-controlled parameters are the 
process velocity, Vp, as a product of the sample 
radius, R, by the angular velocity of the rod, ω; the 
offset between the axis of the laser beam and the 
vertical axis at the center of the rod measured 
within the plane that contains both of them, Off, 
and the characteristics of the laser beam itself: 
beam size, power, P, spatial distribution or 
irradiance, I and wavelength, λ. Considering the 
offset as a process parameter enables the effect of 
changing both, the projected area of the beam over 
the surface and the incidence angle, to be studied, 
broadening the flexibility of the process. 
 
Fig. 1 shows a schematic representation of the 
process setup, considering the cylindrical geometry 
of the treated sample. 





     

 

2/)/exp( ρRTEFK afp −⋅=  (2) 
 
R, represents the gas constant and ρ, the density of 
the oxide, introduced to express the oxide layer 
directly in length units.  
 
The activation energy can be described as the 
threshold barrier that has to be surpassed to start a 
chemical reaction. While in non-catalyzed 
reactions it is regarded as a constant value [8], the 
very fast continuous heating imposed by the laser 
during the hardening process competes with the 
time taken for the reaction between the activation 
energy having been reached and it starts properly, 
that, we will call initiation of the chemical 
reaction. Although the time consumed by the 
initiation normally can be neglected, the very high 
heating rate caused by the laser, will make the 
temperature keep rising while initiation is taking 
place, resulting in a start of the chemical reaction 
at a higher temperature than if it happens with a 
slower heating rate. As a consequence of this 
process, the higher the heating rate is the higher the 
apparent activation energy results, according to the 
final temperature in which the reaction starts. This 
enables the activation energy to be considered as a 
function of the heating rate, eq. (3). 
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The frequency factor quantifies the number of 
collisions between the molecules of the reagent 
[10]. Once the reaction has started, and the 
activation energy has been surpassed, the 
frequency factor determines the growing rate of the 
oxide layer. Again the presence of a high density 
source of energy such as a laser beam over the area 
where the chemical reaction is taking place 
stimulates the pace of collisions, and therefore, the 
frequency factor has to be functionally related with 
the irradiance of the laser after the start of it. 
Nevertheless, similar values of irradiance over the 
surface may be acting on reactions that might have 
been initiated with very different activation 
energies. 
 
 Fig. 3 displays the longitudinal section of two 
hypothetical beams where their frontal side is 
different, leading to a more progressive heating on 
the left, and a more abrupt one on the right, but, 
whose rear regions are completely equal. The 
arrow represents the direction of their movement.  
 

 
Figure 3: Two hypothetical beams leading to a more 

progressive heating (left) and a more abrupt one (right) 
 

According to eq. (3) the activation energies for the 
beams of fig. 4 have been different, and, although, 
once the reaction has started is going to be 
stimulated by the same level of irradiance, the 
effect of the different conditions at the start has to 
be taken into account.  Consequently, the 
frequency factor has to be functionally related not 
only with the irradiance of the beam, but also with 
the apparent activation energy that the process 
conditions have imposed to the reaction, eq. (4). 
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The aim of an accurate determination of the oxide 
layer is to use this information to calculate the 
increment of absorption associated with the state of 
the surface. When the base material remains 
unoxidized and the roughness of the surface is 
considered negligible, the amount of energy 
absorbed by the material is given by the so-called 
Fresnel equations. 
 
If the oxide layer appears, part of the energy 
initially reflected from the base material, that can 
be called Fresnel Reflection, RF, (equal to 1-AF, 
Fresnel Absorption,), will again be reoriented 
against the surface of the material, repeating the 
process: some of the redirected radiation will be 
absorbed, and part again sent to the oxide layer. 
This sequence is repeated until the energy has been 
completely absorbed or released from the material; 
Fig. 4. 
 

 
Figure 4: Scheme of the path followed by the laser radiation in 

the interface between the base material and the oxide 
 
Mathematically, the total energy absorbed by the 
base material, AT, can be considered the sum of the 
energy absorbed in every single impact of the 



     

 

radiation, compound of the energy reflected in the 
previous impact that has been efficiently redirected 
by the oxide layer. The efficiency of the oxide 
layer to redirect the radiation against the material, 
is denoted by μOx, and will depend on the thickness 
of the oxide layer at every moment, Eq. (5). 
 

[ ]OxFFT yRAA )(1/ µ⋅−=       (5) 
 
In eq. (1), if μOx is considered directly proportional 
to the thickness of oxide, y, then AT will show an 
asymptotic behavior tending to a value of 1, 
coherent with the fact that absorption has to be 
limited to 100% no matter how much the thickness 
surpasses a certain value. 
 
While the oxide layer has not appeared, y=0, the 
value of AT matches the absorption coming from 
Fresnel equations. 
 
In the time from when a given amount of energy 
has reached the part until it has been completely 
absorbed or released, the thickness of the oxide 
layer can be assumed constant, since the speed of 
light is much faster than the development of the 
chemical reaction. 
Different from the works where the oxidation is 
characterized by a global absorption coefficient or 
with an increment of absorption dependent of the 
thickness, Eq. (5) introduces the idea of 
“redirecting efficiency”, μOx, which will lead to 
different final values of absorption according to the 
energy initially reflected by the surface, RF. 
 
4. Results and discussion 
 
The characterization of the kinetic parameters has 
been carried out through a successive procedure, 
which, starting with parameters of reactions close 
to the equilibrium taken from [10, 11], have been 
modified, coherently with the established 
hypothesis, until achieving results in the model 
matching the experimental temperatures, and, 
predicted oxide layers similar to the measurements. 
As is apparent from this argument, if the thermal 
courses were used for the adjustment procedure, 
the increment of absorption due to the oxide had to 
be taken into account at the same time. Therefore, 
the kinetic parameters were needed to be 
determined after a reasonable estimation of the 
redirecting efficiency of the oxide for different 
thicknesses. 
 
The values of the maximum absorption reported by 
[1,12], in the range of 60%-73%, depending on the 
process parameters, along with our own 
measurements of the oxide thickness, between 5 

μm and 30 μm, enables the relation, μOx(y), to be 
constructed. 
 
Table 1synthesizes different process conditions 
tested and the resulting kinetic parameters. 
 

Table 1: Processes carried out to obtain the behavior of the 
kinetic parameters 

Vp 
(mm/min

) 

P 
(W) 

Off 
(mm

) 

TMax 
(°C) 

Ea 
(J/mol

) 

Ff 
(Kg2/m4s

) 
250 305

0 
31 136

0 
21000

0 
1500 

400 340
0 

31 115
0 

21700
0 

5500 

600 400
0 

26 137
5 

22000
0 

60000 

1000 493
0 

10 125
2 

22500
0 

90000 

 
From the experimental results Ea is expressed 
through an explicit expression, eq. (6): 

( ) 230582/10188.4 13618 +⋅⋅−= −dtdIEa  (6) 
 
In eq. (6), the magnitude dI/dt has to be expressed 
in W/cm2s. Its asymptotic behavior shows that the 
effect of increasing the suddenness of the heating 
tends to have a limited effect on the activation 
energy from a certain value. Despite the proposed 
equation having an asymptote close to 230600 
J/mol, it has to be interpreted as a trend in the not 
very quickly growing behavior of the function, 
more than as a fixed value. 
 
In the same way, Ff, is fitted, according to the 
hypothesis set in eq. (4), using a polynomial 
equation, with grade 2 for the irradiance and 1 for 
the activation energy, eq. (7). 
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 (7) 

 
Eq. (7) requires I to be introduced in W/cm2 and Ea 
in J/mol.  
 
Eqs. (6) and (7) have been planned from 
theoretical considerations, and adjusted 
empirically. A comprehensive understanding of the 
activation energy under very high heating rates has 
to be accomplished, including the influence of the 
heating rate over the initiation of the chemical 
reaction and other nonlinearities; additionally, the 
interpretation of the resulting mathematical 
functions and the coefficients from the adjusting 
process need to be deeply understood and 
particular situations taken into account in future 







     

 

6. Acknowledgements 
 

The research and development work that is the 
basis of the present study has been developed 
under the LEIA project funded by CDTI 
(Project IDI-111198). 
 
References 

 
[1] H. Pantsar, V. Kujanpää, "Effect of oxide 

layer growth on diode laser beam 
transformation hardening of steels", Surf. 
Coat. Technol.,200:2627-2633, 2006. 
 

[2] L. Nánai, R. Vajtai, T.F. George, "Laser-
induced oxidation of metals: state of the art", 
Thin Solid Films,298:160-164, 1997. 
 

[3] V. Antonov, I. Iordanova, S. Gurkovsky, 
"Investigation of surface oxidation of low 
carbón sheet steel during its treatment with 
Nd:Glass pulsed laser", Surf. Coat. Technol, 
160: 44-53, 2002. 
 

[4] A. Iordanova, V. Antonov, "Surface 
oxidation of low carbon steel during laser 
treatment, its dependence on the initial 
microstructure and influence on the laser 
energy absorption", Thin Solid Films, 516: 
475-7481, 2008. 
 

[5] T. Miokovic, J. Schwarzer, V. Schulze, et al, 
"Description of short time phase 
transformations during the heating of steels 
based on high-rate experimental data", J. 
Phys. IV. France, 120:591-598, 2004. 
 

[6] D.A. Porter, K. E. Easterling, M. Y. Sherif, 
Phase, Transformation in Metals and Alloys, 
CRC Press, 2009. 
 

[7] E. Otero-Huerta, Cinética de corrosión a alta 
temperatura, Editorial Síntesis, 2012. 
 

[8] P. Alvin, A.P. Penner, C.B. Rakhal, et al, 
"Activation energy and non-equilibrium 
effects in thermal reactions", Int. J. of Chem. 
Kinet.,9: 371-377, 2014. 
 

[9] H.E. Avery, Cinética química básica y 
mecanismos de reacción, Editorial Reverté 
S.A., 1982. 
 

[10] H.T. Abuluwefa, "Kinetics of High 
Temperature Oxidation of High Carbon 
Steels in Multi-component Gases 
Approximating Industrial Steel Reheat 
Furnace Atmospheres", Proc. Int. Multiconf. 
of Engineers and Computer Scientists, 2, 
2012. 
 

[11] A. Pryor, R. Réquiz, A. Berrocal, et al, 
"Comportamiento a la Oxidación a Altas 
Temperaturas de un Acero AISI 316 
Modificado", Revista Latinoamericana de 
Metal. y Materiales, 6: 55-61, 1986. 
 

[12] H. Pantsar, V. Kujanpää, "Diode laser beam 
absorption in laser transformation hardening 
of low alloy steel", J. Laser Appl.,16: 147-
153, 2004. 
 


