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Abstract 
Laser surface hardening is becoming one of the most successful heat treat-
ment processes for improving wear and fatigue properties of steel parts. In 
this process, the heating system parameters and the material properties have 
important effects on the achieved hardened surface characteristics. The con-
trol of these variables using predictive modeling strategies leads to the desired 
surface properties without following the fastidious trial and error method. 
However, when the dimensions of the surface to be treated are larger than the 
cross section of the laser beam, various laser scanning patterns can be used. 
Due to their effects on the hardened surface properties, the attributes of the 
selected scanning patterns become significant variables in the process. This 
paper presents numerical and experimental investigations of four scanning 
patterns for laser surface hardening of AISI 4340 steel. The investigations are 
based on exhaustive modelling and simulation efforts carried out using a 3D 
finite element thermal analysis and structured experimental study according 
to Taguchi method. The temperature distribution and the hardness profile 
attributes are used to evaluate the effects of heating parameters and patterns 
design parameters on the hardened surface characteristics. This is very useful 
for integrating the scanning patterns’ features in an efficient predictive mod-
eling approach. A structured experimental design combined to improved sta-
tistical analysis tools is used to assess the 3D model performance. The ex-
periments are performed on a 3 kW Nd:Yag laser system. The modeling re-
sults exhibit a great agreement between the predicted and measured values 
for the hardened surface characteristics. The model evaluation reveals also its 
ability to provide not only accurate and robust predictions of the temperature 
distribution and the hardness profile as well an in-depth analysis of the effects 
of the process parameters. 
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1. Introduction 

Laser surface transformation hardening (LSTH) is a heat treatment process ap-
plied to mechanical part surfaces in order to reach specific mechanical proper-
ties needed to achieve specific tasks [1]. LSTH increases the wear and the fatigue 
resistance by improving the properties of critical surface areas through the ap-
plication of concentrated, short and localized thermal energy. Compared to oth-
er surface heat treatment technologies such as induction treatment and conven-
tional furnace treatment, LSTH is a very advantageous technique integrating 
good precision, high productivity, good reproducibility and highly regarded 
quality. Generating much localized heating zone and a fast hardening speed li-
miting deformation and producing a fine microstructure, LSTH is an essential 
process in many applications [1] [2].  

In some applications of LSTH where the objective is to heat-treat very large 
surfaces, the most commonly used technique is the multi-track processing that 
involves multiple laser beam passes to cover the entire surface to be heat-treated. 
In addition, it is recommended to use a laser beam with the widest possible focal 
spot and maintain a uniform distribution of thermal intensity to produce a con-
stant hardness profile throughout the hardened surface. However, this option 
requires a powerful laser source to produce a very wide focal spot in order to 
keep the number of passes as well as the processing time to the minimum possi-
ble. Unfortunately, despite the advantages of the multi-track laser hardening 
process, the overlapped area between different laser tracks remains a major 
problem. Different zones in the heat-treated part after multi-track laser harden-
ing process are illustrated in Figure 1. In the overlapped area located in the 
middle of two overlapped laser tracks, an over-tempered zone with a lower 
hardness and a tempered zone with hardness that may not reach the minimum 
hardness requirements are observed. To overcome this problem, is important to 
investigate other economical and efficient strategies than the traditional multi 
linear tracks processing approach [3] [4]. 

 

 
Figure 1. Illustration of the multi-track processing approach: (1) Base materi-
al, (2) Hardened zone, (3) Partial hardened zone, (4) Tempered-zone, (5) 
Over-tempered and partial re-hardened zone, and (6) Re-hardened zone.  
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Few studies have addressed this problem in a structured and comprehensive 
way. The proposed studies are based on the idea which intend to produce the 
most uniform hardness profile for specific areas instead of aiming to heat-treat 
the entire surface, either by matrix of points, matrix of lines or by more complex 
patterns such as rotating, sinusoidal, zigzags, etc. [3] [4] [5] [6] [7]. What is in-
teresting with the proposed approaches is that the input energy as well as the 
processing time can be gradually optimized while ensuring cost minimization. 
Still, it is necessary to confirm that these approaches can ensure uniform hard-
ness distribution in order to obtain mechanical performances similar to that 
achieved using other surface hardening techniques. Farrahi et al. and Zhou are 
the more recent researchers who have worked on complex patterns as alternative 
to multi-track approach for laser surface transformation hardening [3] [4] [5] [6] 
[7]. They focused on analytical modeling of laser surface hardening according to 
various scanning patterns and showed that the maximum temperature reached 
using rotating patterns was lower than that achieved using zigzag patterns. The 
relationship between the pattern frequencies and the temperature variation is 
also investigated [3] [4] [5] [6] [7].  

The achieved results are very useful to understand some facts about the com-
plex scanning patterns implementation. However, there is a lot of information 
missing. The effects of the geometrical attributes of the scanning patterns on the 
hardness profiles are to evaluate. The interaction between these attributes and 
the laser system heating parameters are also to assess and analyze. The control of 
process variables using predictive modeling strategies for producing the ex-
pected surface quality without being forced to use the traditional test and error 
method is an attractive approach to investigate. Numerical and experimental in-
vestigations, metallographic and microscopic analysis are essential to character-
ize hardness profile (HP), hardened depth (HD) and the hardened width (HW) 
produced using each particular scanning pattern.  

This research is devoted to numerical and experimental investigations of laser 
surface transformation hardening of AISI 4340 steel using a 3D thermal analysis 
of different laser scanning patterns. The investigations are based on exhaustive 
modelling and simulation efforts carried out using a 3D finite element thermal 
analysis and structured experimental study according to Taguchi method. The 
temperature distribution and the hardness profile are used to evaluate the effects 
of heating parameters and laser scanning patterns parameters on the hardened 
surface characteristics. The performance of the 3D FEM model is assessed using 
structured experimental data produced using a 3 kW Nd:Yag laser system.  

2. Mathematical Formulation 
2.1. Thermal Conduction 

Several researchers developed numerical models for predicting the temperature 
distribution during the laser heat treatment process [8] [9] [10] [11] [12]. Billaud 
et al. established simple models to predict the hardness profile in the case of 
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mechanical parts treatment based on 3D numerical simulations models using the 
finite element method [8]. Caron-Guillemette et al. focused their research on 
modelling and simulating of heat flows resulting from the interaction of a laser 
with steel parts, while developing a numerical function that automatically and 
accurately models a laser beam traversing complex surfaces, such as the teeth of 
a gearwheel [9]. Several other researchers approached the 3D numerical model-
ing based practically on the same formulations. The differences are related to the 
type of laser source, the nature of displacement path, and the geometry of the 
part to be treated. The Fourier-Kirchhoff heat flux equation is used to evaluate 
the temperature distribution according to time and specific spatial coordinates. 
Based on the temperature distribution and using the metallurgical transforma-
tion equations, the hardness profile and eventually the hardened depth can be 
easily estimated. Using the same mathematical formulation, Ashby et al. de-
scribed the metallurgical aspect of hypo eutectoid laser surface transformation of 
steel hypo eutectoid [12]. The heat transfer in a solid can then be described by 
Equation (1):  

( ) ( ), , ,p
TC T E x y z t
t

ρ λ∂
× × −∇ ×∇ =

∂
              (1) 

where ρ, Cp and λ are respectively the density, the specific heat and the thermal 
conductivity of the material. Cartesian coordinates are represented by ( ), ,x y z  
and time by t. The time-dependent temperature distribution ( ), , ,T T x y z t=  is 
supposed to be uniform and initially equal to the ambient temperature in the 
room ( ) 0, , , 0T x y z t T= =   . The term ( ), , ,E x y z t  describes the heat source 
expressed using Equation (2) and represents in this case a distribution of a 
Gaussian beam.  
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( ) ( )
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×π×

     (2) 

where W represents the Gaussian beam radius, P the laser power, Rc the reflec-
tion coefficient of the surface of the material to be treated, AC the absorption 
coefficient of the laser beam power, SS the scanning speed, Lz the thickness of 
the part and finally x0 and y0 the laser beam center coordinates at the time t = 0 s. 
Therefore, E represents a Gaussian heat source that moves along the X-axis at a 
velocity SS. The emissivity of the surfaces as well as the thermal convection by 
the surfaces to the ambient air are expressed respectively by the Equations (3) 
and (4) where ε represents the emissivity of the air, σ the Boltzmann constant, h 
the thermal transfer coefficient and n the complex refractive index. T represents 
the temperature distribution, Tamb is the ambient temperature and Text is the ex-
ternal temperature [12]. 

( ) ( )4 4
ambn T T Tλ ε σ− × − ∇ = × × −                  (3) 

( ) ( )extn T h T Tλ− × − ∇ = × −                    (4) 
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According to Komanduri et al., the increase in total temperature at any point 
M in the surface and at any time t is given by Equation (5) [13]. Where E 
represents the heat source expressed using Equation (2), SS the scanning speed, 
x0 the radius of the moving focal spot, xi the radius of a segmental focal spot, a 
the thermal diffusivity of the medium (cm2/s), λ the thermal conductivity of the 
material, I0 the modified Bessel function of first kind order zero, ω a dimension-
less number varying from 0 to SS2t/4a, θ the tilt angle and X, Y, Z represent the 
coordinates of any point M in a moving coordinate system where the tempera-
ture rise is concerned [13]. This equation is very useful to evaluate the surface 
temperature distribution of each trajectory performed during the laser harden-
ing process. 

2
2

0 0

3 2
4

1.5 2 1.50 0
0

22
2

0

9 de d exp
44

2
2

i
i

i

x SS tx x x a
M i ix W

i

ESS uT x x
a x

x V
I X Y

V

ω ω
ωλ ω

ω
ω

 
−  =  

= =

 
= × × − − π  

   × + +    

∫ ∫
      (5) 

where 
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( )2 2 22
iu x X Y Z V= + + + ×                    (5.3) 

2.2. Metallurgical Transformation 

In equilibrium, austenite formation generally begins at the temperature deli-
mited by the Ac1 curve found in the iron-carbon phase diagram. From this point, 
the carbon contained in the perlite grains becomes in solid solution, homoge-
nizes in the perlite before migrating to the ferrite grains, which contain a small 
percentage of carbon. The diffusivity of carbon is approximately 1 × 10−5 e−9.0/T 
m2/s in austenite and 6 × 10−5 e−5.3/T m2/s in ferrite [14] [15]. In rapid cooling, 
only austenite regions containing sufficient carbon will be transformed into 
martensite. Generally, it is well known that the heating rate greatly affects the 
formation of austenite and its homogenization. Therefore, it is necessary to al-
low sufficient time for the carbon to migrate homogeneously into the austenite, 
otherwise the transformation will not be uniform and may contain mixed zones 
in the hardened area.  

The time required for carbon diffusion is related to the distance it must travel, 
i.e. the initial microstructure of the steel. The formation of martensite requires 
that the cooling of the austenite must respect a well-defined rate. Unlike auste-
nite, which absorbs carbon from neighboring regions, martensite is produced by 
atoms displacements to form crystal structure that traps carbon easily (intersti-
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tial sites). This crystalline arrangement with a lower density and higher volume 
than austenite is at the source of the geometric deformations produced by the 
transformation hardening. The increase in volume with about 4% according to 
Steen et al. [14], produce some desired residual compressive stresses for certain 
mechanical loading situations [16]. During the heating cycle, temperature peaks 
affect the level of the structural change in the material. This phenomenon is ex-
pressed by the equation of kinetic force (6).  

e dp

Q
R TI tα τ

 
− 

×  = × ×                      (6) 

where Q represents the activation energy of the structural transformation, R the 
gas constant, Tp the temperature peak at a considered temperature, α the thermal 
diffusivity and τ the time constant [12]. The terms α and τ are determined by 
Equations (7) and (8). 

3
pR T

Q
α

× 
=  

 
                        (7) 

( )
( )0 0

1
2 e

c
l

p

R P
V T T

τ
λ

− ×
=

×π× × × × −
                (8) 

where T0 is the initial temperature, Rc is the reflection coefficient and λ is the 
thermal conductivity of the material. The spacing of the perlite layers has been 
described by Ashby and Easterling using Equation (9). 

2
02 e p

Q
R Tl D α τ

 
 − × = × × × ×                    (9) 

In heating cycles where the temperature is time dependent, the spacing will be 
sufficient for the total transformation of the perlite into austenite [12] [16]. D0 
represents the constant of carbon diffusion in ferrite. Indeed, the austenite is 
produced at the same carbon content as perlite (Ce = 0.8%). At temperature Ac1, 
the austenite volume fraction becomes the volume fraction fi previously occu-
pied by the perlite colonies. This represents the minimum volume fraction of 
martensite.  

( ) ( )0.8 0.8i f ff C C C C= − − =                 (10) 

where C represents the carbon content in steel and Cf the carbon content in fer-
rite which is negligible in this case. According to the time diagram (TTT), the 
maximum allowable martensitic fraction is expressed in Equation (11).  
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        (11) 

Furthermore, the fraction of the martensite is then given by Equation (12) 
with Cc is the critical carbon content, D0 is the pre-exponential for diffusion of 
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carbon and g is the average of the austenite grain size.  

( )
( )
( )

3

0

212
ln

2
e

e

c

if C
D l

Cg

m m if f f f

 ×   − × × ×   ×× π    = − − ×              (12) 

Finally, the hardness can be determined by Equation (13) with Hm and Hf+p 
are the terms given by Maynier’s equations taking into account the cooling rate 
and material composition [8] [12].  

( ) ( )1m f pH f H f H += × + − ×                 (13) 

2.3. Laser Beam Displacement 

To perform each desired scanning pattern, the laser beam displacement is con-
trolled by specific parametric equations reflecting the desired laser beam path. 
Figure 2 presents an illustration of the selected scanning patterns. The patterns 
parametric equations are presented in Table 1. In these equations, amp represents 
the amplitude, d the distance between the circle center and the point of the tro-
choid pattern, SS the scanning speed, t the time and fr the frequency.  
 

 
(a)                                   (b) 

 
(c)                                  (d) 

Figure 2. Illustration of the used laser scanning patterns: (a) Linear, (b) Sinusoidal, (c) 
Triangular and (d) Trochoid.  
 
Table 1. Parametric equations of the different trajectories.  

Pattern Parametric equations 

Triangular 

( )00 0X X SS t= + ×  

00 0

52 asin cos
60

r
mp

t fY Y a  × ×π×   = + × ×     π    
 

Sinusoidal 

( )00 0X X SS t= + ×  

00 0

5sin
60

r
mp

t fY Y a × ×π× = + ×  
 

 

Trochoid 
( ) ( )( )00 0 35 sin 35X X d t SS t= + × × + × ×  

( )( )00 0 cos 35mpY Y a t= + × ×  
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3. Numerical Simulation Parameters and Conditions  
3.1. Simulation Parameters 

Since the material properties change significantly with temperature, it is recog-
nized that the numerical models describe the material transformation process 
better than analytical models. Generally, analytical models give a preliminary 
approximation of the phenomenon, then the numerical approach come often to 
confirm the results. Based on material properties and the previously represented 
equations, extensive simulations are performed using various scanning patterns 
applied on 4340 steel prismatic parts (60 mm × 6 mm × 5 mm). The thickness of 
the part to be treated must be large enough in order to not affect the temperature 
profile and to provide cooling cycle while allowing metallurgical transformation 
[5]. Table 2 presents the chemical composition of AISI 4340 steel and Table 3 
illustrates different physicochemical properties [17].  

In this study, the numerical investigation is based on a 3D finite element 
thermal analysis. This modelling and simulation approach provides an under-
standing of the behaviour of material properties as a function of processing 
temperature. To simplify the model and reduce the calculation time, the material 
is assumed homogeneous and isotropic, the physicochemical properties are de-
fined at thermodynamic equilibrium, the ambient temperature is set at 20˚C 
(about 293 K) and the maximum temperature must not exceed 1400˚C. In addi-
tion, the simulations take into account the emissivity of the surfaces as well as 
the phenomenon of thermal convection by the surfaces to the ambient air. 

 
Table 2. Chemical composition of AISI 4340 steel. 

Component Fe Ni Cr Mn C Mo Si S P Ce Cf 

% 95.71 1.83 0.81 0.7 0.4 0.25 0.23 0.04 0.03 0.8 0.01 

 
Table 3. Physicochemical properties of AISI 4340 steel.  

Properties Symbol Unit Value 

Eutectoide temperature Ac1 K 996 

Austenization temperature Ac3 K 1053 

Melting temperature Tf K 1700.15 

Reflection coefficient Rc - 0.6 

Absorptivity of the material Ac m−1 800 

Austenite grain size g µm 10 

Pre-exponential for the 
carbon diffusion 

D0 m2/s 6 × 10−5 

Activation energy for carbon  
diffusion in ferrite 

Q KJ/mol 80 

Gas constant R J/mol·K 8.314 
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The main parameters used in this numerical investigations are laser power (P), 
laser source displacement speed (SS), frequency (fr) and amplitude (amp). For 
each scanning pattern, the temperature distribution is analyzed and its effects on 
the hardened surface characteristics are evaluated. Table 4 presents the specific 
simulation parameters for the selected scanning patterns. In this table, X0 and Y0 
are the coordinates of the start point, x0 and y0 are the laser beam radius, Tstep is 
the time step for discretizing of model, Tend is the time end of the simulation and 
b is the correction coefficient used from the model calibration. 

Figure 3 shows the evolution of the thermal conductivity (λ) and the specific 
heat (Cp) as a function of the temperature evolution. These properties are ex-
pressed by Equations (14) and (15) respectively. The variables constituting the 
parametric equation of the heat source are defined in Table 4 and expressed us-
ing Equation (16). The coefficient b is a model correction coefficient obtained by 
multiple linear regression as function of laser power and scanning speed. 

 
Table 4. Simulation parameters of the three patterns. 

Parameters 
Patterns 

Sinusoidal Triangular Trochoid 

x0 0 0 0 

y0 l/2 l/2 l/2 

Sig x [mm] 0.255 0.255 0.255 

Sig y [mm] 0.255 0.255 0.255 

P [W] 800 800 800 

Tstep Tend/100 Tend/100 Tend/100 

Tend L/SS L/SS L/SS 

SS [mm/s] 30 30 60 

amp [mm] 1 1 1 

D [mm] - - 0.6 

fr [Hz] 250 250 - 

b 3.042 – 0.00383P + 0.0425SS 

 

 
Figure 3. Evolution of specific heat and thermal conductivity 
as a function of temperature.  
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( ) ( )

( )( )

00 0 00 0
0 0

11 1 , , , , ,
2

exp

in cQ P R Ac b an X X x Y Y y
x y

Ac abs Ls Z

 
= × − × × × × × × ×
× ×

π 
− −

  (16) 

3.2. Mesh Stability Study 

The convergence study is necessary in all simulation problems because it in-
creases the results consistency, ensures the model validity, and saves a lot of 
computing time. The convergence study consists of creating an initial mesh us-
ing a reasonable mesh size, computing and analysing the first results, then de-
creasing the mesh size step by step and evaluating the current results by com-
paring them to previous iteration results. The points used for the evaluation of 
the surface temperature are uniformly and symmetrically distributed on both 
sides of the laser beam path. Three points (P1, P2 and P3) are fixed at x = 30 mm 
and z = 5 mm, and y = 2, 3 and 4 mm. Respectively at its points, three tempera-
tures T1, T2, T3 are measured for different mesh sizes. Given the symmetrical as-
pect of the distribution of points, the temperature T2 must be higher than T1 and 
T3 since it is a centered position, while T1 and T3 must be equal. After several 
simulations, the temperatures become stable between the 0.016 and 0.32 mm 
mesh size. Outside this range, the temperature fluctuations are due to the accu-
racy and truncation errors. The selected mesh size of 0.016 mm is a reasonable 
compromise to achieve realistic precision without requiring excessive computing 
resources. This choice is also effective and well adapted to the three scanning 
patterns to be simulated. However, to improve the results accuracy smaller mesh 
size and higher mesh density are used in the part central areas. Figure 4 illu-
strates the selected final mesh size and Figure 5 shows the effect of mesh size on 
the temperatures variation.  

4. Experimental Validation 

A series of validation tests are performed according to the adopted experimental 
design to evaluate the hardness profile obtained for each scanning pattern. The 
experiments are done on AISI 4340 steel plates (60 mm × 6 mm × 5 mm) with 
an initial hardness of 25 to 30 HRC. The surface hardening is performed using 
an IPG YLS-3000-ST2 fiber laser with a maximum power of 3 kW powered by 
an ND:Yag laser source mounted on a six-axis Fanuc M-710IC robot. The used 
experimental setup is shown in Figure 6. For each scanning pattern, the appro-
priate laser beam displacement is ensured by specific path program implemented 
in the robot control. 

https://doi.org/10.4236/mnsms.2020.103003


B. Tarchoun et al. 
 

 

DOI: 10.4236/mnsms.2020.103003 41 Modeling and Numerical Simulation of Material Science 
 

 
Figure 4. Effect of mesh size on the achieved results. 

 

 
Figure 5. llustration of the selected final mesh size. 

 

 
Figure 6. The laser cell used for the experimental validation. 
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speed). Table 5 presents the approved experimental design for each scanning 
pattern [18]. For the 36 performed tests (four separated L9 for the four scanning 
patterns) are included in those used in the numerical simulations. The measured 
hardened surface characteristics are the hardened depth (HD) and the hardened 
width (HW) for the different tests and different scanning patterns. When the 
hardening process is completed, the parts are cut, cleaned and polished for 
hardness measurement. The micro hardness measurements are taken using the 
Clemex machine according to series of micro indentations with a 100 µm pitch 
between the indents along a vertical and horizontal axis. In addition, the har-
dened depth and hardened width measurements are performed using a profile 
projector after chemical attacks of the samples by Nital solution (95% ethanol 
and 5% nitric acid). Globally, the produced hardened surface and the associated 
hardness profiles present acceptable visual characteristics, nevertheless some 
discontinuities observed in the case of certain samples. Figure 7 presents typical 
hardness profiles achieved using a power of 800 W and a speed of 20 mm/s. 

 
Table 5. Experimental design for testing used for each scanning pattern. 

Tests Power (W) Scanning speed (mm/s) 

1 500 20 

2 500 30 

3 500 40 

4 650 20 

5 650 30 

6 650 40 

7 800 20 

8 800 30 

9 800 40 

 

 

 
Figure 7. Typical hardened zones using a power of 800 W and a scanning speed of 20 
mm/s for linear, sinusoidal, triangular and trochoid scanning patterns respectively. 
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Figure 8 and Figure 9 represent the hardness curves for typical tests 
representing the variation effects of laser power and scanning. These hardness 
curves can be divided into three regions. The first region is characterized by high 
hardness compared to the part core. This region is totally austenitized and 
transformed to martensite upon rapid cooling. The second region presents a 
radical decreasing in hardness before reaching the core hardness. This region is 
characterized by the hardness loss caused by sharp drop in hardness to reach ini-
tial hardness. This zone is composed of a mixture of hard and over-tempered 
martensite since the temperature is between Ac1 and Ac3. Finally, the third re-
gion corresponds to the zone not affected by the thermal flow. The hardened 
depth is then characterized by the first zone, called the hard zone. The resulting 
hardness values are relatively similar for all the experimental tests with about 60 
HRC. The achieved results for the hardened depth and the hardened width for 
different scanning patterns are characterized by a good concordance between 
numerical simulations and experimental results. Table 6 illustrates the numeri-
cal and experimental results of the hardened depth and the hardened width for 
the various performed tests.  

Figure 10 and Figure 11 show a comparison between experimental and nu-
merical results for HD and HW respectively. These results reveal globally that 
the developed numerical models can estimate HD and HW accurately with 
maximum errors not exceeding 9.1%. The model accuracy in confirmed by coef-
ficients of determination (R2) between 95% and 98%. The maximum error is ob-
served in the case of linear and sinusoidal scanning patterns. The trochoid pat-
tern presents the best results with 3.7%, 2.3% and 1.00% as maximum, average 
and minimum errors respectively. 

Moreover, ANOVA is applied to the simulation data and the obtained results 
are compared to those found by ANOVA applied to the experimental data. The 
comparison of the parameters contribution between experimentation and simu-
lation data for all considered scanning patterns is presented in Table 7. It can be 
observed that laser power and scanning speed effects on the variation of simu-
lated HD and HW, in term of percentage contributions (% C), are practically the 
same as for the experimental data excepting for HW in the case of the triangular 
scanning pattern [18]. 

 
Table 6. Experimental validation-results.  

Predicted 
Characteristics 

Relative 
Errors (%) 

Scanning patterns 

Linear Sinusoidal Triangular Trochoid 

Hardened depth: HD 

Minimum 0.60% 2.90% 0.90% 1.00% 

Maximum 6.30% 9.10% 7.10% 3.70% 

Average 2.83% 6.43% 4.76% 2.28% 

Hardened width: HW 

Minimum 0.70% 2.30% 1.00% 0.80% 

Maximum 9.10% 4.70% 4.00% 2.70% 

Average 4.52% 3.67% 2.68% 1.81% 
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Table 7. Comparison of the parameters contribution between experimental and simu-
lated HD and HW for the four moving patterns.  

Scanning 
patterns 

Variation 
Sources 

(%) Contribution 

Measured HD Predicted HD Measured HW Predicted HW 

Linear 

P 78.20 71.10 42.91 52.56 

SS 20.69 27.23 48.33 45.12 

P*SS 0.12 0.11 0.06 0.61 

Error 0.98 1.56 8.70 1.71 

Sinusoidal 

P 45.27 45.80 15.61 24.01 

SS 50.11 51.53 80.43 73.14 

P*SS 1.44 0.34 1.52 1.71 

Error 3.18 2.33 2.45 1.13 

Triangular 

P 51.15 59.35 10.42 22.83 

SS 41.18 35.32 86.31 75.76 

P*SS 3.60 2.62 0.39 0.17 

Error 4.07 2.71 2.87 1.23 

Trochoid 

P 58.20 61.06 22.65 23.22 

SS 32.48 29.56 73.07 76.29 

P*SS 1.06 0.81 1.05 0.03 

Error 8.26 8.57 3.23 0.45 

 

 
Figure 8. Typical Hardness curves versus laser power using SS = 30 mm/s. 

 

 
Figure 9. Typical hardness curves versus scanning speed using P = 650 W. 
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Figure 10. Scatter plot, measured and simulated HD for the four scanning patterns. 

 

 
Figure 11. Scatter plot, measured and simulated HW for the four scanning patterns. 

 
The largest difference between experimental and simulated results is about 12% 

observed for the power contribution in HW variation when using triangular 
scanning pattern. This is due to some HW measurement errors and probably to 
the fact of not considering the effect of the laser beam diameter variation in the 
simulations. The evaluation of the laser power and scanning speed interaction 
shows also non-significant effects as established in the experimentation investi-
gations [18]. The contributions of various interactions do not exceed 5%. These 
results are corroborated by the graphs of effects presented in Figures 12-15. An 
F-test is also executed to confirm the laser parameter contributions and effects 
significance. Therefore, the proposed numerical model is sufficiently accurate 
for been used in this numerical investigation and ultimately to generate addi-
tional data that can be very useful to integrate in an eventual predictive model-
ling approach. 

5. Simulation Results and Discussions 

Numerous simulations are performed under various heating parameters and 
conditions using different scanning patterns. The main objective of these ex-
haustive simulation efforts is to collect sufficient data to evaluate the effects of 
heating parameters and patterns design parameters on the hardened surface 
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characteristics in cases not evaluated in the very few conducted experiments. 
This will significantly help to identify the most appropriate scanning patterns in 
conjunction with heating parameters to reach a uniform temperature distribu-
tion and maximum treated surface dimensions. Additional simulations using a 
linear trajectory are performed to evaluate the results accomplished by different 
scanning patterns compared to the traditional single tract laser hardening.  

 

 
Figure 12. Effect of the laser parameters on HD and HW variations for li-
near scanning pattern. 

 

 
Figure 13. Effect of the laser parameters on HD and HW variations for si-
nusoidal scanning pattern. 
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Figure 14. Effect of the laser parameters on HD and HW variations for 
triangular scanning pattern. 

 

 
Figure 15. Effect of the laser parameters on HD and HW variations for 
trochoid scanning pattern. 

 
During the simulations, the temperature appears, as anticipated, always at its 

maximum under the laser beam spot and decreases progressively as the spot 
moves away. Outside the focal spot, the part absorbs the heat by conduction and 
the temperature drops gradually. In addition, some of the heat is lost by convec-
tion in the ambient air and by radiation through the room. However, due to its 
good thermal absorption coefficient, the material absorbs most of the heat emit-
ted by the laser. The part volume plays a very important role with a direct cool-
ing of the heated areas after reaching the austenization temperature without the 
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need for forced convection [13]. These observations are illustrated in Figure 16. 
It was also observed that under the same heating parameters, the temperature 
distribution is related to the used scanning patterns. Consequently, the dimen-
sion of the treated zone depends on heating parameters and scanning pattern 
design parameters.  

Figure 17 shows the maximum temperature achieved by different scanning 
patterns as a function of y-axis observed in the section located at x = (5; 30 and 
55 mm). These temperature curves are obtained using the same heating parame-
ters in order to compare the effect of the scanning patterns on the temperature 
distribution. This temperature distribution visualization looks like a cross sec-
tion that represents the width of the treated zone and the reached maximum 
temperature represents practically the hardened depth. According to this figure, 
it appears that the sinusoidal pattern produces the largest treated width. The 
highest maximum temperature is achieved using the linear pattern that concen-
trates the heat flow in restricted area in the middle of the part. Linear pattern 
generates a temperature of about 1500˚C exceeding the melting temperature of 
4340 steel. At y = 2 and 4 and along x-axis, the sinusoidal path presents the 
highest temperature magnitude (about 1100˚C) but the lowest temperature in 
the part center (y = 3) with (about 900˚C). The temperatures reached using tri-
angular and trochoid patterns are equivalent with some variations of the order of 
30˚C to 100˚C. The temperature distribution is practically symmetrical. 

Figure 18 shows the temperature distribution over the entire surface. This 
helps to not only detect the variation of the heat flow distribution, but also to 
compare the temperature distribution uniformity for different scanning patterns 
and to visualize the maximum temperature reached at each point of the surface. 
Consequently, the dimensions of the treated zone can be estimated accurately. 
These figures reveal that the linear pattern is characterized by the most uniform 
distribution longitudinally but heat treat only a limited portion of the surface. In 
the case of linear multi-tracks pattern, the distribution can be improved but re-
mains irregular. The sinusoidal pattern produces a relatively uniform tempera-
ture distribution longitudinally similar to that generated by the triangular pat-
tern. The trochoid pattern produce a temperature distribution characterized by 
some periodicity in temperature peaks due to the intersection points in the laser 
beam path. Some points of the surface are heated two times.  

The sinusoidal pattern produces a good distribution with a relatively high 
temperature that covers the majority of the treated surface offering a maximum 
width compared to other patterns under the same hardening conditions (P = 800 
W, SS = 20 mm/s). For the triangular pattern, the heat flux is more concentrated 
in the part centerline and the temperature remains relatively low at the margins 
(y = 2 and 4 mm). The trochoid pattern is characterized by temperature peaks 
generated by the double passage of the laser beam over some points on the 
treated surface, leading to a non-uniform and non-symmetrical distribution of 
the heat. Generally, these temperature peaks are undesirable since they can 
usually lead to melting zone and surface deformation.  
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Figure 16. Typical isothermal contours for sinusoidal pattern. 

 

 
Figure 17. Typical surface temperature evaluation for different scan-
ning patterns at (a) x = 5 mm, (b) x = 30 mm and (c) x = 55 mm. 
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Figure 18. Temperature distribution on the heat-treated surface for different patterns: (a) 
Linear, (b) Sinusoidal, (c) Triangular and (d) Trochoid. 

 
The identification of the temperature distribution on the surface indicates the 

delimitation of the hardened zone and consequently allows to estimate the har-
dened depth and the hardened width for each scanning pattern. Figure 19 shows 
contour plots representing the temperature distributions according to the part 
surface points coordinates and as a function of the part cross-section points 
coordinates. These plots provide a good indication how the temperature is dis-
tributed not only on the surface but also on different depths. This allows fur-
thermore to estimate the volume of transformed material using the same energy 
for different scanning patterns. Consequently, HD and HW can be estimated 
easily. Figure 19 confirm the results observed from Figure 18. Although sinu-
soidal pattern does not produce a transformed material volume as high as that 
produced using the trochoid pattern (105 vs. 108 mm3), it presents the best 
compromise in terms of HD and HW. Indeed, sinusoidal pattern produces a rel-
atively uniform temperature distribution with a reasonably high temperature 
covering the entire surface and offering the maximum width compared to other 
patterns under the same processing conditions. 

For specific applications, maximizing the surface of the hardened zone re-
quires the selection of the appropriate scanning pattern. An adequate scanning 
pattern is the one that produce a maximum uniform hardened width while res-
pecting a minimum limit of hardened depth. In such a case, if a minimum is set 
for HD, the HW/HD ratio can be used as an indicator to evaluate the hardened 
zone surface according to the laser parameters for evaluating different scanning 
patterns. HW/HD ratio can provide also useful indication on how the generated 
heat is absorbed by the surface. Table 8 presents the HW/HD ratio for various 
simulated combination of laser parameters and scanning patterns. It can be ob-
served that the general average HW/HD ratio is higher than that calculated ex-
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cluding tests where HD is lower than 200 μm. Sinusoidal and triangular scan-
ning patterns present the highest HW/HD ratio allowing to achieve the largest 
hardened surfaces. With high HD and small HW, linear pattern produces a low 
and relatively constant HW/HD ratio. Trochoid pattern represents an improved 
version of linear pattern with approximatively the same HD but with a HW 
more than 2.5 times higher. Then, if the laser parameters can be set to control a 
constant minimal HD to 200 μm, by adopting the maximum ratio, HW can 
reach a minimum more than 3500 μm for sinusoidal and triangular scanning 
pattern. If the total generated heating energy is adjusted to maintain a constant 
minimal HD, HW can reach higher values. 

 

 
Figure 19. Contour plots representing the temperature distribution for different laser 
scanning patterns (a) Linear, (b) Sinusoidal, (c) Triangular and (d) Trochoid.  
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Table 8. HW/HD ratio for various combination of laser parameters and scanning pat-
terns. 

 
HW/HD ratio for various scanning patterns 

Linear Sinusoidal Triangular Trochoid 

Minimum 1.06 5.81 4.61 3.06 

Maximum 1.90 19.13 14.93 4.89 

Average 1.31 9.94 8.06 3.78 

Average excluding  
HD < 200 mm 

1.31 8.97 7.35 3.78 

6. Conclusion 

This paper presents numerical and experimental investigations of laser surface 
hardening of AISI 4340 using four different laser scanning patterns. The inves-
tigations are based on exhaustive modeling and simulation efforts carried out 
using a 3D finite element thermal analysis and structured experimental study 
according to Taguchi method. The temperature distribution and the hardness 
profile attributes are used to evaluate the effects of heating parameters, scanning 
patterns design parameters and their interactions on the hardened surface cha-
racteristics. A structured experimental design combined to improved statistical 
analysis tools is used to assess the 3D model performance. The experiments are 
performed on a 3 kW Nd:Yag laser system. Extensive numerical simulations car-
ried out through 3D numerical model reveal that the developed numerical mod-
els can estimate the hardened surface characteristics accurately with maximum 
errors not exceeding 9.1%. The model accuracy is confirmed by coefficients of 
determination between 95% and 98%. The maximum error is observed in the 
case of linear and sinusoidal scanning patterns. The Trochoid pattern presents 
the best results with 3.7%, 2.3% and 1.00% as maximum, average and minimum 
errors respectively. Experimental errors and errors due to some considered as-
sumptions during the model building are most likely responsible for the ob-
served deviations. In general, the modeling and validation results indicate that 
the proposed numerical model can lead to a robust and accurate hardened sur-
face characteristics estimation under varying heating parameters and scanning 
patterns. The proposed model provides also an appropriate basis for an in-depth 
analysis of the effects of the scanning patterns design parameters on the har-
dened zone characteristics. Additional experimental investigations and numeri-
cal simulations are necessary to prepare the required database for exploring oth-
er predictive modeling approaches in order to produce the most efficient and 
cost-effective model.  
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Nomenclature 
Ac: Absorption coefficient, m−1, 
Ac1: Heating temperature at point A1, ˚C,  
Ac3: Heating temperature at point A3, ˚C, 
Cp: Specific heat, J·kg−1·K−1, 
d: length of the line, m,  
fr: frequency, Hz, 
h: Thermal transfer coef., W·m−2·K−1 ,  
K: Thermal conductivity air, W·m−1·K−1 ,  
L: piece length, m,  
l: piece width, m, 
LZ: piece thickness, m, 
P: Laser power, W. 

Rc: reflection coefficient of the material, 
T: Temperature of the material, ˚C,  
Tin: Initial material temperature, ˚C, 
Tamb: Ambient air temperature, ˚C, 
SS: Scanning speed, mm/s, 
λ: Thermal conductivity steel, W·m−1·K−1,  
σ: Stefan-Boltzmann constant, W·m−2·K−4,  
x0: Radius of the laser spot, m, 
y0: Radius of the laser spot, m,  
γ: Thermal diffusivity, m2·s−1,  
ε: Emissivity of material surface,  
ρ: Density, kg·m−3. 
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