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Abstract. In this work, a numerical model of laser texturing 
is considered. A finite element model of a representative 
sample of pure aluminum was created. The impact of a laser 
pulse was simulated, assuming a Gaussian volume 
distribution of the heat flux. Material properties are assumed 
to be constant and latent heat is accounted for. Results are 
obtained for the thermal field and the width of the vaporized 
zone, assuming that the crater is characterized by its 
maximum width. The numerical model was used to study the 
influence of pulse power density, reflection, focal diameter 
and pulse duration. The ablation threshold at different laser 
pulse durations was determinate. 

Keywords: laser texturing, pure aluminum, finite element 
method (FEM), vaporized zone. 

I. INTRODUCTION 
Laser texturing is pulsed processing by means of a laser 

beam, in which ablation of the material occurs in the impact 
zone. By multiple repetition of this process, along a 
predetermined trajectory, a groove is obtained. The 
industrial application of laser texturing is most often done 
by creating a number of grooves close enough together to 
be perceived as a uniform area. Different modifications of 
the processing sequence is discussed in [1]. 

Laser texturing serves to improve adherence, 
wettability, electrical and thermal conductivity, and friction 
[2]. This application of laser ablation is characterized by an 
overlap factor less than one and a different diameter of the 
laser beam, and hence a different size of the resulting crater. 

The obtained result depends on the characteristics of the 
laser machine: scanning speed, repetition rate, average 

power, laser beam spot, diameter, and pulse duration. Fiber 
lasers [3], YAG [4] and others are suitable for laser 
texturing. The duration of the impact varies widely, using 
nanosecond [5], picosecond [6] and femtosecond lasers [7], 
[1]. 

Laser texturing is applicable to various materials, such 
as metals and their alloys, superalloys [8], ceramics [3], 
wood [9], composite materials [10] and others. Due to its 
wide application in industry, aluminum and its alloys are 
the subject of increased research, including regarding the 
possibilities of its laser processing [11]. 

The main characteristics of the laser texturing result are 
the width, the depth and the hatch. They can be determined 
directly experimentally by performing the laser texturing 
with the prescribed processing modes. To reduce setup time 
and the number of technological samples, computer models 
created on the basis of numerical methods, most often the 
finite element method (FEM), are applied. Commercial 
programs such as ABAQUS [9], [12], [13], COMSOL [14], 
[15], [16] and others are used for this purpose, as well as 
proprietary codes [5]. 

Most often, the modeling of laser texturing by the FEM 
to determine the resulting dimples is reduced to solving the 
problem of determining the temperature field by using the 
law of thermal conductivity. Regarding the considered area, 
the problem to be solved can be one-dimensional [13], two-
dimensional [3], two-dimensional - axisymmetric [17] or 
three-dimensional [18], [9]. Depending on the number of 
set pulses, the models are for one pulse [9], for one 
transition [14] and several transitions [16]. A number of 
authors focus on the action of a single laser pulse [19], [5], 
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which allows the determination of the temperature field, 
and from there the resulting topography. 

The modeling of the processed part as a solid body is 
accomplished with Fourier's law. The heat flux can be 
volumetric or planarly distributed Gaussian function [16], 
[3]. Guo et al. [9] use in the heat flow’s formula a 
coefficient considering the plasma. Nikolidakis et al. [16] 
also consider the influence of the evaporated plasma layer. 
Some authors consider radiation and convection [19], [8], 
but the process is fast and the heat conduction in the solid 
body has a dominant effect. 

Some authors model the liquid phase by solving the 
Navier-Stokes equations [20]. This allows obtaining results 
for keyholes and voids in the material and splashes. 
Chryssolouris et al. [21] address the issue of plume 
formation. The evaporation at the melt surface is associated 
with the emission of neutral atoms or molecules into the gas 
that shields the laser–material interaction zone. Wang et al. 
[10] used in their work a simple finite element model to 
determine the plasma shielding effect in laser engraving of 
aluminum. 

Computer determined crater dimensions can be used to 
validate the model. Liu et al. [22] offers a solution to the 
problem of measuring the diameter of such a small hole 
with a single laser pulse - D2 method. In the modeling of 
laser texturing, in addition to the temperature field, some 
authors also determine the roughness of the obtained 
surfaces [15] and the stresses arising in the processing and 
after it [4], [3].  

Numerical modeling of laser engraving can be 
performed by accounting for the nonlinear properties of the 
material [3]. A number of authors prefer the use of latent 
heat [20], which greatly eases the computational process.  

The aim of the present research is the creation of a finite 
element model of laser texturing, allowing the 
determination of the groove width by taking into account 
the latent heat and the influence of the pulse power, the 
diameter of the laser beam, the reflection and the duration 
of the laser pulse. 

II. PHYSICAL LAWS DESCRIBING THE PROCESS 
A complete physical description of the laser texturing 

process is difficult to achieve. This necessitates the use of 
a suitable physical-mathematical model, on the basis of 
which a computer model should be built, allowing the 
determination of the required quantities. For the needs of 
the presented study, it is assumed that the impact of the 
laser beam from the moment of its impact on the processed 
part, which is a solid body, will be considered.  

The Fourier's law of heat conduction for solids is valid, 
which together with the heat balance equation has the form 

div �𝐋𝐋 ∙ grad(𝑇𝑇)� + 𝑄𝑄 = 𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

, (1) 

where L is the tensor with the heat transfer material 
characteristics depending on the temperature T, Q is the 
amount of heat in the considered volume, ρ is the density 

of the material Cp is the material heat capacity, and t is the 
time. 

The laser beam is a flow of electromagnetic wave in the 
visible spectrum, which in the process of texturing 
propagates in the solid body according to the Beer-Lambert 
law [23]: 

𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝑧𝑧,  (2) 

where 𝐼𝐼(𝑧𝑧) is the intensity at depth z and I0 is the surface 
intensity. The equation for the absorption coefficient - 𝛼𝛼, 
is 

𝛼𝛼 = 4𝜋𝜋𝜋𝜋𝜋𝜋
𝜆𝜆0

,   (3) 

where 𝜆𝜆0 is the wave length of the laser in vacuum, 𝑛𝑛 is the 
refraction index, and 𝑘𝑘  is the extinction index. The 
equations for the last characteristics are [24]: 
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where 𝜀𝜀1 and 𝜀𝜀2 are the real and the imagenery part of the 
material's relative permittivity. 

Lehmuskero et al. [25] give their own and others' results 
for the refractive and absorption coefficients of aluminum. 
For a wavelength of 578 nm, n = 1 and k = 7 are reported. 
The same values are also used in [26].  

Absorption is one of the parameters of the laser impact 
on the processed medium, as together with the reflection, 
R, give the heat flow vector [27]: 

𝑞𝑞 = 𝐼𝐼(𝑥𝑥, 𝑦𝑦)�1 − 𝑅𝑅�𝑒𝑒−𝛼𝛼𝑧𝑧,   (6) 

The intensity of the laser beam depends on the power 
of the laser machine and is distributed according to a 
Gaussian law according to the equation 

𝐼𝐼(𝑥𝑥, 𝑦𝑦) = 2𝑃𝑃𝑝𝑝
𝜋𝜋𝑟𝑟2 𝑒𝑒

−2
�𝑥𝑥−𝑥𝑥𝑓𝑓�

2
+�𝑦𝑦−𝑦𝑦𝑓𝑓�

2

𝑟𝑟2 ,   (7) 

where Pp is the pulse power of the laser, r is the radius of 
the laser beam, and xf and yf are the coordinates of the laser 
beam. 
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The phase changes from solid to liquid and from liquid 
to solid cause a strong nonlinearity in the specific heat 
capacity. In order to reduce the computational time, the 
latent heat is used, which is described by the equation 

𝐶𝐶𝑝𝑝 = 𝐶𝐶𝑝𝑝0 + 𝐿𝐿𝑚𝑚𝐷𝐷𝑚𝑚 + 𝐿𝐿𝑒𝑒𝐷𝐷𝑒𝑒 ,  (8) 

where 𝐶𝐶𝑝𝑝0 is the equivalent specific heat capacity, 𝐿𝐿𝑚𝑚 is the 
latent heat of melting, 𝐿𝐿𝑒𝑒 is the latent heat of evaporation, 
and 

𝐷𝐷𝑚𝑚 = exp�−(𝑇𝑇−𝑇𝑇𝑚𝑚)2/∆𝑇𝑇𝑚𝑚2 �
∆𝑇𝑇𝑚𝑚√𝜋𝜋

,  (9) 

𝐷𝐷𝑒𝑒 = exp�−(𝑇𝑇−𝑇𝑇𝑒𝑒)2/∆𝑇𝑇𝑒𝑒2�
∆𝑇𝑇𝑒𝑒√𝜋𝜋

,   (10) 

In the above two equations take parts, the melting 
temperature - Tm, the evaporation temperature - Te and the 
displacements relative to them - ∆Tm and ∆Te. 

III. COMPUTER MODEL 
The object of research is a part of pure aluminum 

subjected to laser processing. The process parameters 
ensure that a temperature above the vaporization 
temperature of aluminum is reached. Due to the small size 
of the diameter of the laser beam and the short duration of 
one pulse, a representative sample (Fig. 1) of the total 
volume of the body is considered. This has sufficient 
dimensions so that the physical laws can exhibit, and in the 
same time the dimensions to be small enough to minimize 
the duration of the computational process in the computer 
model. The dimensions of the representative volume are 
100x100 μm in the processing plane and 70 μm in depth. 

 
Fig. 1. General scheme of laser texturing. 

The impact of a laser pulse, which creates a crater of a 
certain shape and size, is examined. The main properties of 
the crater are the width and the depth. In this work, it is 
accepted that the width is enough to characterize the result 
from the laser processing. It is based on the assumption that 
the formation of a groove consists of the repeated repetition 
of the pulse impact on the part, with the possibility of 
overlapping of individual craters and the presence of 
unprocessed areas - Fig. 2. The impact time between two 
pulses is long enough for the heat to spread in the 
considered representative volume and reach a temperature 
close to that of the environment at its boundaries. The 

formation of a complete processed layer is done by 
overlapping the furrows. Various processing sequences are 
possible to achieve such planar overlap, but these are 
beyond the scope of the present study. It is expedient to 
introduce an overlap factor between the individual craters 
in the direction of the groove 

𝑘𝑘 = 𝜈𝜈𝜈𝜈
𝑙𝑙𝑔𝑔

= 𝜈𝜈𝜈𝜈
𝑣𝑣𝜕𝜕

,    (11) 

where ν is the pulse frequency and v is the speed of the laser. 

 
Fig. 2. Craters, grooves, layеr. 

A transient finite element model was created in the 
ABAQUS program [28]. Spatial discretization is 
performed using an eight-node hexahedral finite element 
DC3D8. The elements on the surface of laser impact are 1 
μm in size - Fig. 3. To reduce the computational work, the 
feature size in the thickness direction is increased, reaching 
a size of 20 μm for the bottommost layer. The mesh is 
consist from 57222 nodes and 50500 elements. 

 
Fig. 3. Discretization of the representative volume. 

The processed material is pure aluminum having the 
material characteristics given in Table 1. The liquid and 
gaseous phase changes are modeled by introducing latent 
heat (8), which allows the specific heat capacity to be set as 
constant. 

TABLE 1 MATERIAL PROPERTIES 

Material properties  Value 

Density, kg/m3 2700 

Conductivity, W/(m.K) 235 

Specific heat capacity, J/(kg.K) 900 

Melting point, K 933,47 

x 
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Leans assembly 

Laser beam 

Representative 
volume 

Aluminum 
part 

hx 

h
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Material properties  Value 

Evaporation temperature, K 2743 

Latent heat of fusion, kJ/mol 10.71 

Latent heat of vaporization, kJ/mol 284 

 
It is assumed that the initial temperature of the test 

specimen is 20 °C. Convective and radiant heat transfer are 
neglected due to the short duration of the process. The time 
for one pulse – τ, is 30 μs. The pulse power is 

𝑃𝑃𝑝𝑝 = 𝑃𝑃/𝜈𝜈𝜏𝜏,  (12) 

where P is the laser average power. Engraving modes with 
different laser power ranging from 5.5 to 10 W were 
investigated. 

The laser beam is modeled as a heat flux equivalent to 
one pulse, according to (7). A volume distribution of the 
heat flux by means of a Gaussian function was used. The 
slope coefficient of the Gaussian function is taken to be 
equal to 3. The heat flux is specified in the model by 
subroutine DFLUX [28]. It allows setting the model 
characteristics that are involved in the parametric analysis: 
laser pulse power, focal diameter and reflection. The 
calculations were performed by discretizing the process 
time in 10000 increments. 

IV. RESULTS AND DISCUSSION  
Temperature distribution results in a representative 

volume of a pure aluminum workpiece are obtained. In 
Fig. 4 shows the temperature field, at the end of the pulse, 
at a pulse power of 12511 W, a laser focal spot diameter 
of 30 μm and a reflection coefficient of 0.3.  

 

 
Fig. 4. Temperature distribution at Pp = 12511 W , d = 30 μm, R = 0.3. 

The temperatures of the evaporation point are shown 
with a light color, and the temperatures below the melting 
point with a dark color. Similar diagrams are obtained for 
the different laser engraving modes. By measuring the 
evaporation isotherm, the width of the crater in the 
corresponding mode was obtained. 

The effect of power density on crater width at two laser 
beam frequencies is shown in Fig. 5. 

 
Fig. 5. Influence of pulse power density. 

Figure 6 shows the dependences between the width of 
the vaporized zone - along the y axis and the pulse power 
- along the x axis. The resulting crater width results were 
smoothed using the smooth function in MATLAB, with 
the exact values given as dots. Such dependences were 
determined for focal spot diameters in the range from 10 
to 30 μm, with a step of 5 μm. 

 

 
Fig. 6. Influence of pulse power on crater width at different focal spot 

diameters. 

Increasing the pulse power leads to a smooth increase 
in the vaporized zone width. This trend is more distinct at 
larger values of the focal diameter. 

The relationship between the reflection and the power 
at different diameters of the laser beam is shown at Fig. 7. 
The width of the crater decreases monotonically with 
increasing reflectivity. The effect of pulse power is linear. 
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Fig. 7. Influence of the reflection. 

Influence of the pulse duration on the width of the 
crater (Fig. 8) and the width of the molten zone – Fig 9. 

 

Fig. 8. Effect of pulse duration on crater width. 

 

Fig. 9. Effect of pulse duration on the width of the melted zone. 

It was found that as the pulse duration increased, the 
width of the vaporized zone increased. This tendency 

decreases for larger values of time. This parameter has a 
greater influence than the pulse power. The width of the 
melted zone, which contributes to the formation of 
irregularities, decreases with larger values of the laser 
pulse duration. For pulse durations above 100 ns, a 
tendency to increase the width is observed, which may be 
due to a numerical instability of the model related to the 
grid density. 

The ablation threshold is the power density at which 
the evaporation temperature is reached. Ablation threshold 
at different laser pulse durations is shown in Fig. 10. The 
slope  

 
Fig. 10. Ablation threshold. 

V. CONCLUSIONS  
The created finite element model allows the 

determination of the influence of pulse power, reflection 
and diameter of the laser beam on the width of the 
vaporized zone during laser texturing of pure aluminum.  

The pulse power has a linear effect on the width of the 
resulting craters. The influence of this parameter is less at 
small values of the diameter of the laser beam.  

Increasing the reflectivity of the material leads to a 
decrease in the width of the crater. This trend is 
independent of the pulse power and increases with 
increasing reflection.  

As the pulse duration increases, the width of the crater 
also increases. At larger values, this trend decreases, and 
above 100 ns it is particularly visible. The effect of pulse 
duration is inverse with respect to the width of the 
vaporized zone. At values above 100 ns, a trend reversal is 
observed, which may also be due to numerical instability. 
This question requires further research. 
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