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Abstract: A three-dimensional, thermal-structural finite element model, originally developed for
the study of laser–solid interactions and the generation and propagation of surface acoustic waves
in the macroscopic level, was downscaled for the investigation of the surface roughness influence
on pulsed laser–solid interactions. The dimensions of the computational domain were reduced to
include the laser-heated area of interest. The initially flat surface was progressively downscaled to
model the spatial roughness profile characteristics with increasing geometrical accuracy. Since we
focused on the plastic and melting regimes, where structural changes occur in the submicrometer
scale, the proposed downscaling approach allowed for their accurate positioning. Additionally, the
multiscale simulation results were discussed in relation to experimental findings based on white
light interferometry. The combination of this multiscale modeling approach with the experimental
methodology presented in this study provides a multilevel scientific tool for an in-depth analysis
of the influence of heat parameters on the surface roughness of solid materials and can be further
extended to various laser–solid interaction applications.

Keywords: finite element method; multiscale modeling; surface roughness; laser–solid interaction

1. Introduction

Lasers are widely used as a valuable tool for laser material processing [1,2] in high-
precision cutting and drilling manufacturing operations [3], as well as in laser-assisted
machining [4,5]. Laser–solid interaction constitutes a process of major scientific and tech-
nological interest, where complex physical phenomena occur. The thermal, mechanical,
and optical properties of the material, the laser parameters, and the surface morphology
are factors of crucial importance that influence the interaction of lasers with matter and
the subsequent phase changes of the irradiated target [6–12]. Numerical simulations of
laser–solid interactions are essential in order to predict the behavior of the heated matter,
to better comprehend the fundamentals of the physical problem, and to provide insights
toward the interpretation of the experimental findings.

Surface roughness is a well-established property used for characterizing the surface
quality of a solid material. It is indicative of the mechanical integrity and cohesion of
the material, since irregularities on the surface may form nucleation sites responsible for
cracks or corrosion. Therefore, taking into account the effects of the surface roughness
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in developing new and precise computational models of the radiation–matter interaction
results in better understanding the underlying mechanisms that govern the laser–matter
interaction in the micro- and nanoscale levels. However, in the literature only a few
numerical approximations are reported to take into account the influence of the surface
roughness when considering the mechanical and thermal properties of the irradiated target.
Conde et al. [13,14] developed a thermal ablation Finite Element Method (FEM) model
that incorporated the conditions of initial roughness to explain the target microstructure
formation and the laser plume deflection. A thermal FEM model of pulsed laser polishing
was presented by Perry et al., who investigated the effects of laser pulse duration and feed
rate (pulses per millimeter) on the surface roughness [15]. Ran et al. [16] developed a FEM
structural numerical model for laser shock peening, predicted the surface roughness by
applying the computed results as inputs to analytical equations, and then compared them
with the experimental outcomes. Hasser et al. [17] developed a structural FEM model
to investigate surface roughness effects in laser shock peening and simulated roughness,
which was produced by displacing surface nodes using a statistical method.

In the current work, a 3D thermo-structural FEM model originally developed for
the macroscopic study of laser–solid interactions and the generation and propagation of
surface acoustic waves (SAWs) was spatially downscaled to explore the effects of surface
roughness in a pulsed laser–solid aluminium alloy interaction. The original 3D FEM model
was able to simulate the transient thermo-structural response of isotropic metallic targets
and study the generation of ultrasounds, using a locally adaptive mesh [6–9]. Due to the
high frequencies of the laser-generated SAWs, as well as the need for transient analysis, a
small element size was essential in order to accurately simulate such effects. An orthogonal
fine-meshed volume was generated to allow precision handling of the dynamic phase
changes of matter, due to the high temperature gradients, in the center of the irradiated
target [7]. However, this locally adaptive mesh approach cannot be used for downscaling,
since the size of the elements does not remain constant. Therefore, in order to keep the
interpolation level of the finite elements constant and at the same time obtain the optimal
spatial geometry description, a uniform mesh was here generated. The dimensions of the
computational domain were reduced to include the laser-heated area and the corresponding
section of the roughness periodic profile. Initially, the rectangular computational domain
was modeled with a flat up-front surface, where roughness was neglected, and was further
used as a reference. The small and steady size of the elements used to discretize the
computational domain allowed for sequential downscaling of the initial model. Following
the Gaussian filtered geometry of an experimentally measured average roughness profile,
a linear approximation on the depth of roughness geometry was performed and the
original flat surface was gradually downscaled to model the spatial roughness profile with
increasing accuracy. As a result, a step-like linear profile was developed according to the
experimentally determined characteristics of the geometry of the rough periodic surface
pattern of our target, while no changes on the boundary and the loading conditions were
imposed compared to the original model. Furthermore, experiments based on white light
interferometry highlight the value of the proposed methodology.

The proposed FEM multiscale model will be easily upgraded in the future using
local adaptivity on the roughness level that was achieved here and expanded to describe
computational domains of higher dimensions. This is of great impact for the field of
material characterization, when, for example, the influence of the surface roughness and
micro/nano-defects on the generation and propagation of surface acoustic waves under
pulsed laser irradiation is required to be investigated with high accuracy or for industrial
applications such as laser polishing, engraving, and cutting [18,19], and the manufac-
turing and response of the solid targets in inertial confinement fusion [20], where the
influence of the surface micro-defects on the laser–matter interaction processes should be
well determined.
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2. Experimental Methodology

An Al-6061 orthogonal dry milled part, of an overall size of 10 cm × 3 cm × 0.9 cm,
was the laser-irradiated target of our study. Figure 1a shows a schematic of the optical
setup for the laser-irradiation experiments.

Figure 1. Optical setup and the periodic surface roughness profile. (a) Experimental setup for the target–laser interaction
measurements: M, metallic mirror; F, converging lens with focal length f = 100 cm; SA, aluminum sample. Profilometry
setup: WLS, white light source; BS, beam splitter; RB, reference beam; OB, object beam; PZT, piezoelectric transducer; OL,
objective lens. (b) The 2D grayscale surface image of the SA as extracted from the profilometry measurements, of ~3 mm of
length. (c) The periodic roughness profiles and the measured values of Ra, Rt, Rz, as extracted from the Roughness gauge.
(d) The corresponding roughness line-out plot of image (b) measured by the profilometry setup; the line-out refers to the
marked yellow rectangular region of the image. (e) Average surface roughness profile of the heated area of interest of (b).

The optical geometry for the laser-irradiation experiments is shown in detail in
Figure 1a: The laser source used for the interaction with the Al sample is a pulsed laser
source (6-ns pulse duration) emitting radiation of 0.7 mJ energy per pulse at 532 nm. The
value of 0.6 mJ was the threshold below which no detectable effect was induced by the
laser on the target surface. The output of the laser system is guided through metallic
mirrors to a converging lens (f = 100 cm) and the beam is then focused onto the target
surface. The profilometry setup is incorporated into the optical setup, as demonstrated
in Figure 1a. It constitutes the final part of the geometrical arrangement and is used for
the characterization of the samples before and after they were irradiated with the laser
pulse. The advantage of the experimental configuration is that the position of the sample
can be maintained without the necessity of any change, during both the interaction and the
characterization measurements, and, therefore, the interaction area on the target surface can
be well determined and studied. The profilometry configuration is based on a Michelson
white light interferometer, described in detail in [7]. Briefly, a beam splitter separates the
white light emitted from the source, generating the reference and object beams, the latter
being reflected by the sample surface. A metallic mirror placed on a linear piezoelectric
actuator is moved and used for altering the optical path of the reference beam. The two
beams are recombined on a CCD camera, which is connected to a PC. A series of surface
images and interferograms for the different positions of the moving metallic mirror are
acquired and processed, allowing for the determination of the surface topology [7].
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A typical 2D grayscale surface image of the SA as extracted from the profilometry
measurements is demonstrated in Figure 1b: The selected area imaged in this figure covered
a length of x = 3 mm. The profile of the surface roughness plotted at the center of the
selected area is shown in Figure 1c,d, using a roughness meter (Roughness gauge TESA
Rugosurf 20) and the profilometry setup, respectively, for validation. It is worth noting
that, even though the surface roughness topology was accurately determined by both
techniques, profilometry offered the advantage of measuring the roughness at the exact
region of interaction with the laser pulse, as already mentioned, but also the advantage
of extracting an average line-out plot in contrast to the line-out from the roughness meter,
which was taken along a single line. This average line-out plot resulted from averaging
the roughness values of all the points within a selected area (yellow rectangular area) of
the same x position and along the y axis. This way, the generated plot is representative of
the overall surface of the original sample, eliminating effects from local discontinuities or
measured artifacts. Such an average roughness plot was extracted from Figure 1b,d. In
order to investigate the effect of roughness on the structural changes due to the laser, the
laser spot was focused on the position of the maximum roughness variation (~3 µm depth).
The dimensions of the elliptical laser spot determined the area of interest, which covered a
region of x = 400 µm. The average roughness profile of this area (Figure 1e) was used as a
pattern for the downscaling of the models.

3. Numerical Modeling

A 3D coupled thermal-mechanical FEM analysis was performed in LS-DYNA [21].
The temperature distribution was found by solving the heat conduction equation:

ρ(T)Cp(T)
∂T(x, y, z, t)

∂t
−∇[k(T)∇T(x, y, z, t)] = Q(x, y, z, t)− Li (1)

where x, y, and z are the space coordinates while ρ, Cp, k are the mass density, specific heat
at constant pressure, and the thermal conductivity of the target material, respectively, and
Li is the latent heat of melting, which is equal to zero in the thermoelastic regime. The
source term, Q(x, y, z, t), has an elliptic spatial form and represents the absorbed laser
energy per unit volume per unit time by the sample:

Q(x, y, z, t) = I0(1− R)e−4ln2( t
t0
)

2

e−[(X/ra)2+(Y/rb)
2]abe−abz

X = (x− xo)cosθ + (y− yo)sinθ
Y = (x− xo)sinθ − (y− yo)cosθ

(2)

where, I0 is the incident laser intensity on target, R is the optical reflectivity of the sample,
αb is the optical absorption coefficient, t0 is the laser pulse duration at full width at half
maximum (FWHM), rα is the semi-major axis and rb is the semi-minor axis of the laser spot,
xo and yo are the center coordinates, and θ is the rotation angle. The conservative equations
of mass, momentum, and energy are also solved:

∂ρ

∂t
+ ρ∇v = 0

ρ
∂2Ui
∂2t

= µ
∂2Ui
∂2k

+ (λ + µ)
∂

∂i

(
∂Uk
∂k

)
− (3λ + 2µ)αT

∂T
∂i

ρ
∂E
∂t

= σij∇v

(3)

where ρ is the density, v is the velocity, U is the displacement, λ and µ are the Lamé
coefficients, αT is the thermal expansion coefficient, E is the energy, and σij is the stress
tensor. The strain tensor is given by:

εij =
1
2

(
∂Ui
∂Uj

+
∂Uj

∂Ui

)
(4)
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while for the stress tensor it holds:

σij = 2µεij + λεkkδij − (3λ + 2µ)aT (T − T0)δij (5)

In continuum mechanics theory, the complete stress tensor describes the material con-
dition state. It is divided into two components, the deviatoric and the hydrostatic tensors:

σij = sij − Pδij (6)

where sij is the deviatoric stress component. The hydrostatic component of stress is associ-
ated to the pressure in the material, which is equal to the trace of the complete stress tensor

P = −σ11 + σ22 + σ33

3
= −σκκ

3
(7)

The hydrodynamic and deviatoric behavior of the metallic target is considered by
using simultaneously an analytical equation of state (EOS) coupled with a strength material
model. The analytical Grüneisen EOS is used and allows the extension of the application
range to high-pressure values and to the liquid phase. The analytical Grüneisen EOS
provides the pressure for compressed materials [21]:

P =
ρ0C2

0µv
[
1 +

(
1− γ0

2
)
µv − α

2 µv
2]

[1− (S1 − 1)µv]
2 + (γ0 + αµv)E (8)

where C0 is the sound speed, γ0 the unitless, Grüneisen parameter that defines the effect
on the atom’s vibration due to the change in energy and a is the unitless, first-order volume
correction to γ0; while µv is a volumetric parameter that holds µv = ρ/ρ0−1. For most of
the materials, shock velocity Us varies linearly, in relation to the particle velocity, Up, as
Us = C0 + S1Up, where S1 is the unitless coefficient of the slope of the Us-Up curve. For
expanded materials the following holds:

P = ρ0C2
0µv + (γ0 + αµv)E (9)

A proper material-constitutive model for the metal was adopted, the Johnson–Cook (J–
C) material model, which considers the effect of plastic strain, strain rate, and temperature.
The flow stress is expressed as [22]:

σy = (A + Bεn)(1 + Cln
.
ε
.
ε0
)(1− T − Tr

Tm − Tr
)

m
(10)

where A is the yield stress, B is the hardening constant, ε is the equivalent plastic strain, n
is the hardening exponent, C is the strain rate sensitivity,

.
ε/

.
ε0 is the dimensionless plastic

strain rate,
.
ε0 = 1 s−1 is a reference strain rate used to normalize the strain rate, Tm is the

melting temperature of the workpiece, Tr is the room temperature, and m is the thermal
softening exponent. The J–C material model also adopts a fracture model that considers
the nucleation, growth, and coalescence of voids in a ductile material at high-strain rates.
The equivalent plastic strain at the onset of damage is defined as:

ε f =

([
D1 + D2expD3

p
σVM

][
1 + D4ln

.
ε
.

ε0

][
1 + D5

T − Tr

Tm − Tr

])
, D = ∑

∆ε

ε f
(11)

where D1 is the initial failure strain, D2 is the exponential factor, D3 is the triaxility factor,
D4 is the strain rate factor, D5 is the temperature factor, σVM is the Von Mises stress, and εf
is the plastic strain at fracture. The D1–D5 constitute unitless failure parameters. Material
fracture occurs when the damage parameter D reaches the value of 1 and the concerned
elements are removed from the computation.
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For the study of the generation and propagation of SAW’s under pulsed laser irradia-
tion, we developed and demonstrated a series of FEM simulations that focus on monitoring
the matter dynamics on the macroscopic level of the solid target. The developed models
are capable to simulate the transient thermo-structural matter’s response from solid to
plasma state under ns and fs pulsed laser irradiation and to study the generation and
propagation of SAWs [6–9]. The common characteristic of these models is the generation of
a locally adaptive mesh, around the irradiated area of the spot, capable to handle the phase
changes of matter due to the high-temperature gradients. This sophisticated finite element
grid allows for the smooth transition of the SAWs from their source in the epicenter of
the target [7] and provides the appropriate nodal distribution to the entire computational
domain. Thus, the computing of the new nodal positions and temperature values in the
Lagrangian mesh were accurately performed without exaggerating the computational
resources and the run time. Figure 2 shows a typical FEM locally adaptive model, that
precisely simulates the pulsed laser–Al target interaction. The dimensions of the solid target
were 1800 µm × 1800 µm × 20 µm and the generated mesh consisted of approximately
2 million elements, as presented in Figure 2a. Moreover, the beam spot had an elliptical
shape. The major and minor axes of the elliptical laser spot were 160 µm and 75 µm long,
as indicated by the experiment. The rotation angle was 29◦.This model considered the
phase changes of matter and provided identical monitoring of the ultrasounds’ generation
and propagation throughout the computational domain, as demonstrated in the vertical
Z-displacement results in Figure 2b. For laser fluence of 2 J/cm2, which was computed
to be above the melting threshold of the sample, two SAWs could be depicted having an
amplitude of 3 nm and 6 nm and 550 µm and 350 µm, far away the epicenter, respectively.
However, this non-uniform grid generation is not efficient to properly model the microscale
characteristics of the surface roughness. Any geometrical modification of the non-uniform
element distribution is affecting the entire solution domain and disturbs the smooth nodal
distribution.

Figure 2. The FEM model. (a) Geometry and mesh. (b) Representative result of simulated ultrasound propagation 60 ns
after the beginning of laser irradiation.

Therefore, a new FEM model with a uniform mesh was here developed within a small
solution domain, able to simulate the laser heated area of interest, around the laser spot and
the characteristic part of the roughness periodic profile included therein. The model was
based on the models that have been validated by surface acoustic waves’ generation and
propagation experiments with ns and fs laser sources in the works [6–9]. The increase of the
discretization level, due to the downscaling, aimed at in this work, was further increasing
the approximation accuracy of the simulation. The dimensions of the solid target were
400 µm × 400 µm × 12 µm, while a total of approximately 1.9 million elements were used.
The element size of the uniform mesh was 5 µm × 5 µm × 0.04 µm. To model the surface
roughness, a linear approximation on the depth (vertical z-axis) of the roughness profile
was performed. The flat surface was sequentially downscaled from 0 to 3 µm, to 1.5 µm, to
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1 µm, and finally to 0.5 µm, reaching with increasing accuracy the spatial roughness profile.
Thus, a step-like linear profile was developed according to the experimentally measured
real geometry characteristics. A range of approximately 1.7–1.8 million elements was used
for the models where surface roughness was considered. The beam spot had the same
previously mentioned geometry. A hexahedral, 3D-solid, eight-node element was adopted
for the transient analysis for all models. The temperature-dependent thermomechanical
properties, the J–C material model, and failure parameters as well as the Grüneisen EOS
coefficient properties of the sample were taken from the literature [23–25].

4. Results and Discussion

The simulation results of the laser matter irradiation are demonstrated in Figures 3 and 4,
for a pulse energy of 0.7 mJ and a fluence of 2 J/cm2, above the melting threshold of the Al
alloy, which was computed to be 1.5 J/cm2. For the simulated laser fluence, no ablation
phenomena occurred and the structural changes of the target due to laser irradiation were
restricted in the plastic and melting regimes. Thus, structural changes related to plastic
and melting effects occurred in the submicrometer scale. Figure 3 presents results for
five models where sequential downscaling of the surface roughness level was performed.
Roughness was neglected in the flat surface model. To perform the downscaling, the aver-
age roughness profile, presented in Figure 1e, was processed in MATLAB using a Gaussian
smoothing filter that resulted in the cyan, dashed curve, presented in Figure 3a. Based on
the geometrical characteristics of this curve, a linear approximation was performed and
the flat surface model was firstly downscaled to describe a step of 3 µm. Then, this model
was downscaled to describe two steps of 1.5 µm each, following the geometry of the cyan,
dashed curve. Following this procedure, two more downscaled models were built and
resulted in a total of four downscaled models having a geometrical step accuracy from 3
to 0.5 µm. Each one of the sequentially developed multiscale models could simulate the
thermal-mechanical laser–solid interactions, according to the irradiated area of interest
and the surface roughness profile therein, with a predefined geometrical accuracy. The
identification of these positions, where changes in surface roughness took place after their
interaction with a single laser pulse in this energy regime, is of high importance, especially
for research works that concern changes of matter of micro- or nanoscale order, which affect
the material structure, since this is where different types of cracks initialize [26], ripples
may be formed [27,28], and mechanical and optical materials’ properties change [29,30].

Figure 3 presents the simulation results for the five models 100 ns after the laser
beam irradiation. According to the developed permanent plastic strain distributions, the
maximum value was about 0.04 for all. At 100 ns the maximum temperature decreased to
~50 ◦C, reaching the environmental temperature. Furthermore, in Figure 3b the permanent
nodal positions on the top surface along the central horizontal x-axis are plotted. The
maximum depth due to material fracture was 0.1 µm for all the models. The maximum
computed temperature values were lower than 900 ◦C at 16 ns, securing that ablation
phenomena did not occur. The total fractured volume of the downscaled model to 0.5-µm
step accuracy was computed to be ~340 µm3, while for the rest of the models this value was
gradually reduced to ~310 µm3 (model neglecting roughness). It was obvious that as the
geometrical accuracy of the roughness approximation was downscaled to the maximum
of 0.5 µm, the submicron regions, where fracture occurs, permanent deformations are
developed, and the material properties change, were more precisely identified.
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Figure 3. Downscaling for surface roughness from 0 to 0.5 µm. The computed nodal positions and the plastic strains 100 ns
after the laser beam irradiation are presented. (a) A step-like linear approximation of the roughness profile is shown and the
original flat surface was gradually downscaled to reach the resulting roughness curve (dashed, cyan line) after the Gaussian
filtering. (b) The permanent nodal positions on the top surface along the central horizontal x-axis 100 ns after the laser
beam irradiation.

Representative FEM results of temperature and Von Mises stresses for the model
downscaled to the 0.5-µm step accuracy, are presented in Figure 4 at 10 ns, 20 ns, and
50 ns and for laser fluence of 2 J/cm2. The heated sample at 10 ns was in the thermoelastic
regime. Plastic effects started to develop 2 ns later and, at 16 ns, the maximum surface
temperature exceeded the melting point. At 20 ns the heated material was in the melting
regime and from this temporal moment and afterwards the maximum surface temperature
started to decrease. Furthermore, the maximum developed Von Mises stresses of 380 MPa
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were observed at 18 ns. The advantage of such a high geometrical accuracy for surface
roughness level was clearly visible at 50 ns, where the residual stresses that existed due
to the plastic deformation of the heated samples were apparent and were above the yield
stress of the Al alloy, which is 324 MPa [25].

Figure 4. Representative FEM results of temperature and Von Mises stress distribution for the model with 0.5-µm step
accuracy at 10 ns, 20 ns, and 50 ns and for laser fluence of 2 J/cm2.

The effect of the laser pulse on the surface roughness of the workpiece is experimen-
tally demonstrated in Figure 5 for the same pulse energy of 0.7 mJ and fluence of 2 J/cm2.
Experiments performed with pulse energies below 0.6 mJ showed that no detectable ef-
fect of the laser pulse shot was measurable on the surface of the target. Figure 5 shows
two-dimensional images of the area of interest and cropped images, at a position of the
target with the maximum roughness variation (~3 µm depth), on which the laser elliptical
spot was focused. The cropped images cover a length of x = 220 µm. The two-dimensional
graphs of Figure 5 show the surface roughness (height) plotted against the x dimension,
passing through the center of the irradiated region as determined by the experiment. For
every x position, the roughness values at every point along the y direction were averaged,
for a length y = 4 µm within the yellow rectangular area. The graphs produced exhibit the
average surface roughness (z dimension, height) plotted along the x direction. The images
refer to the same area of interest before and after the laser pulse interacts with the surface.
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Figure 5. The 2D images of the area of interest, cropped images, and line-out graphs of the Al surface
before and after irradiation. The images highlight the vicinity where the elliptical laser spot hits the
surface of the workpiece.

Figure 5 demonstrates that the laser pulse affected the interaction area of the surface,
while the roughness profile line-outs revealed the relative changes on the position of the
affected peaks, as well as on their height and/or depth before and after the interaction
with the laser pulse, reaching the micrometer and submicrometer scale. By processing the
images before and after laser irradiation, the average difference in height and/or depth
experienced by the peaks due to the influence of the laser pulse was found to be less than
0.3 µm. Some resulting laser-affected roughness peaks showed differences reaching up to
1 µm. Such spikes that existed also outside the laser-affected region of the sample were
considered as artefacts (measurement noise) and were attempted to be kept low through the
averaging performed on the roughness values. These artefacts limited the direct correlation
of the detailed features of the roughness profiles to the corresponding simulation outcomes.
The experimental findings regarding the fractured volume agreed with the simulation
results of the downscaled model to 0.5-µm step accuracy, since from the roughness profiles
of Figure 5 the extracted value of the fractured volume was ~360 µm3. It is worth noting
that, through the averaging performed on the roughness values, large fluctuations arising
from local surface discontinuities were also smoothened, while information on the location
and the type of the changes experienced by the roughness peaks was less influenced,
compared to the case where a single line was chosen for plotting the roughness profile,
by its exact position relative to the pulse spot center. The complicated pattern of the
structural changes in surface roughness due to the interaction with a single laser pulse, as
well as the agreement between the experimental and computational outcomes regarding
qualitative and quantitative characteristics of the modified roughness pattern, established
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that downscaling for surface roughness level is of great importance in order to fully
characterize the microstructures and new features that evidently arise, even at low energies,
and very importantly determine the scale (micro- and/or nanoscale) and the nature of the
changes that take place.

5. Conclusions

Modeling of pulsed laser radiation on an Al alloy target was performed, using a single
pulse of 6-ns duration and energy of 0.7 mJ that induced changes, in a predefined surface
roughness pattern, in the plastic and melting regimes. The induced changes were also
experimentally visualized by a white light profilometry setup with submicrometer resolu-
tion. FEM thermal-structural analysis was carried out to model the laser-irradiated rough
surface, performing downscale modeling for surface roughness level of the experimentally
obtained surface roughness profile. Each one of the sequentially developed multiscale
models can simulate the thermal-mechanical laser–solid interactions, according to the
irradiated area of interest and the surface roughness profile therein, with a predefined
geometrical accuracy. The numerical and experimental results presented a qualitative
and quantitative agreement and determined the scale (micro- and/or nanoscale) and the
nature of the changes that took place. The correlation of the experimental measurements to
the simulation findings was obtained by the comparison of the experimentally measured
and numerically computed fractured volume of the workpiece. In our future work, we
aim to extend the capabilities of the FEM model on the modification and control of the
morphological behavior of the surface roughness profile under a sequential irradiation
of laser pulses. The corresponding experiments that will be performed and compared
to the numerical outcomes will provide a complete surface roughness modification and
control method.

The determination of these positions, where changes in surface roughness take place
after their interaction with a single laser pulse in this energy regime, is of major importance.
Applications where changes of matter of micro- or nanoscale order affect the material
structure depend on this knowledge, since at these scales different types of cracks may
initialize, ripples may be formed, and mechanical and optical materials’ properties may
change. Furthermore, the combination of numerical modeling with the experimental
methodology presented in this study constitutes a promising tool for an in-depth analysis
of the influence of heat parameters on the surface roughness of solid materials and can be
further extended to various laser–solid interactions, such as laser machining and micro-
machining applications, solid materials’ testing using generated ultrasounds, and laser
material processing. Higher spatial modeling of the micro-roughness characteristics will
be further included in future work that will concern the influence of the surface roughness
on the generation and propagation of ultrasounds based on the knowledge gained from
this work, while the energy absorption on the rough surface will be treated by initially
performing a ray-tracing analysis.

Author Contributions: E.K. performed the simulations. Experiments were carried out and analyzed
by Y.O., K.K., A.S., and I.F. M.B., N.A.P., and M.T. supervised the laser–target interaction experiments.
A.P.M. contributed to the results’ analysis. V.D. proposed the main idea, supervised the studies, and
was responsible for the writing of this article along with E.K. and K.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the following funding schemes: (1) “ELI—LASERLAB Europe
Synergy, HiPER& IPERION-CH.gr” (MIS 5002735) which is implemented under the Action “Rein-
forcement of the Research and Innovation Infrastructure”, funded by the Operational Programme
“Competitiveness, Entrepreneurship and Innovation” (NSRF 2014–2020) and co-financed by Greece
and the European Union (European Regional Development Fund), (2) This research/work was par-
tially carried out within the framework of the IAEA Coordinated Research Project F13020 “Pathways
to Energy from Inertial Fusion—Materials Research and Technology Development”.

Institutional Review Board Statement: Not applicable.



Appl. Sci. 2021, 11, 1253 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: This work was supported by computational time granted from the Greek
Research & Technology Network (GRNET) in the National HPC facility—ARIS—under project ID
pr009023—LaMIPlaS III.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bauerle, D.W. Laser Processing and Chemistry, 4th ed.; Springer: Berlin, Germany, 2011.
2. Kaselouris, E.; Nikolos, I.K.; Orphanos, Y.; Bakarezos, E.; Papadogiannis, N.A.; Tatarakis, M.; Dimitriou, V. A review of simulation

methods of laser matter interactions focused on nanosecond laser pulsed systems. J. Multiscale Model. 2013, 5, 1330001. [CrossRef]
3. Steen, W.M.; Mazumder, J. Laser Material Processing, 4th ed.; Springer: London, UK, 2010.
4. Chryssolouris, G.; Anifantis, N.; Karagiannis, S. Laser assisted machining: An overview. J. Manuf. Sci. Eng. 1997, 119, 766–769.

[CrossRef]
5. Kaselouris, E.; Baroutsos, A.; Papadoulis, T.; Papadogiannis, N.A.; Tatarakis, M.; Dimitriou, V. A Study on the Influence of Laser

Parameters on Laser-Assisted Machining of Aisi H-13 Steel. Key Eng. Mater. 2020, 827, 92–97. [CrossRef]
6. Orphanos, Y.; Dimitriou, V.; Kaselouris, E.; Bakarezos, E.; Vainos, N.; Tatarakis, M.; Papadogiannis, N.A. An integrated method

for material properties characterization based on pulsed laser generated surface acoustic waves. Microelectron. Eng. 2013, 112,
249–254. [CrossRef]

7. Dimitriou, V.; Kaselouris, E.; Orphanos, Y.; Bakarezos, M.; Vainos, N.; Nikolos, I.K.; Tatarakis, M.; Papadogiannis, N.A. The
thermo-mechanical behavior of thin metal films under nanosecond laser pulse excitation above the thermoelastic regime. Appl.
Phys. A 2015, 118, 739–748. [CrossRef]

8. Kaselouris, E.; Nikolos, I.K.; Orphanos, Y.; Bakarezos, M.; Papadogiannis, N.A.; Tatarakis, M.; Dimitriou, V. Elastoplastic study
of nanosecond-pulsed laser interaction with metallic films using 3D multiphysics fem modeling. Int. J. Damage Mech. 2016, 25,
42–55. [CrossRef]

9. Orphanos, Y.; Kosma, K.; Kaselouris, E.; Vainos, N.; Dimitriou, V.; Bakarezos, M.; Tatarakis, M.; Papadogiannis, N.A. Integrated
nanosecond laser full-field imaging for femtosecond laser-generated surface acoustic waves in metal film-glass substrate
multilayer materials. Appl. Phys. A 2019, 125, 269. [CrossRef]

10. Stratakis, E.; Bonse, J.; Heitz, J.; Siegel, J.; Tsibidis, G.D.; Skoulas, E.; Papadopoulos, A.; Mimidis, A.; Joel, A.-C.; Comanns, P.; et al.
Laser engineering of biomimetic surfaces. Mater. Sci. Eng. R Rep. 2020, 141, 100562. [CrossRef]

11. Hermann, J.; Benfarah, M.; Coustillier, G.; Bruneau, S.; Axente, E.; Guillemoles, J.-F.; Sentis, M.; Alloncle, P.; Itina, T. Selective
ablation of thin films with short and ultrashort laser pulses. Appl. Surf. Sci. 2006, 252, 4814–4818. [CrossRef]

12. Shirk, M.D.; Molian, P.A. A review of ultrashort pulsed laser ablation of materials. J. Laser Appl. 1998, 10, 18. [CrossRef]
13. Conde, J.C.; Lusquiños, F.; González, P.; Serra, J.; León, B.; Cultrera, L.; Guido, D.; Perrone, A. Laser ablation of silicon and copper

targets. Experimental and finite elements studies. Appl. Phys. A 2004, 79, 1105–1110. [CrossRef]
14. Conde, J.C.; Lusquinos, F.; Gonzalez, P.; Serra, J.; Leon, B.; Dima, A.; Cultrera, L.; Guido, D.; Zocco, A.; Perrone, A. Finite element

analysis of the initial stages of the laser ablation process. Thin Solid Films 2004, 453–454, 323–327. [CrossRef]
15. Perry, T.L.; Werschmoeller, D.; Li, X.; Pfefferkorn, F.E.; Duffie, N.A. The effect of laser pulse duration and feed rate on pulsed laser

polishing of microfabricated nickel samples. J. Manuf. Sci. Eng. 2009, 131, 031002. [CrossRef]
16. Ran, Z.; Yongkang, Z.; Guifang, S.; Xuting, S.; Pu, L. Finite Element Analysis of Surface Roughness Generated by Multiple Laser

Shock Peening. Rare Metal Mat. Eng. 2018, 47, 33–38.
17. Hasser, P.J.; Malik, S.A.; Langer, K.; Sprandlin, T.J. Simulation of Surface Roughness Effects on Residual Stress in Laser Shock

Peening. In Proceedings of the ASME 2013 International Manufacturing Science and Engineering Conference Collocated with the
41st North American Manufacturing Research Conference: American Society of Mechanical Engineers, Madison, WI, USA, 10–14
June 2013.

18. Zhou, J.; Liao, C.; Shen, H.; Ding, X. Surface and property characterization of laser polished Ti6Al4V. Surf. Coat. Tech. 2019, 380,
125016. [CrossRef]

19. Pandey, A.K.; Dubey, A.K. Modeling and optimization of kerf taper and surface roughness in laser cutting of titanium alloy sheet.
J. Mech. Sci.Technol. 2013, 27, 2115. [CrossRef]

20. Kaselouris, E.; Fitilis, I.; Skoulakis, A.; Orphanos, Y.; Koundourakis, G.; Clark, E.L.; Chatzakis, J.; Bakarezos, M.; Papadogiannis,
N.A.; Dimitriou, V.; et al. The importance of the laser pulse-ablator interaction dynamics prior to the ablation plasma phase in
inertial confinement fusion studies. Philos. Trans. R. Soc. A 2020, 378, 20200030. [CrossRef]

21. Hallquist, J.O. LS-DYNA Theory Manual; Livermore Software Technology Corporation: Livermore, CA, USA, 2006.
22. Johnson, G.R.; Cook, W.H. Fracture characteristics of three metals subjected to various strains, strain rates, temperatures and

pressures. Eng. Fract. Mech. 1985, 21, 31–48. [CrossRef]
23. Steinberg, D.J. Equation of State and Strength Properties of Selected Materials; Lawrence Livermore National Laboratory Report

UCRL-MA-106439; Lawrence Livermore National Laboratory: Livermore, CA, USA, 1991.

http://doi.org/10.1142/S1756973713300013
http://doi.org/10.1115/1.2836822
http://doi.org/10.4028/www.scientific.net/KEM.827.92
http://doi.org/10.1016/j.mee.2013.03.146
http://doi.org/10.1007/s00339-014-8792-6
http://doi.org/10.1177/1056789515576553
http://doi.org/10.1007/s00339-019-2552-6
http://doi.org/10.1016/j.mser.2020.100562
http://doi.org/10.1016/j.apsusc.2005.06.057
http://doi.org/10.2351/1.521827
http://doi.org/10.1007/s00339-004-2656-4
http://doi.org/10.1016/j.tsf.2003.11.147
http://doi.org/10.1115/1.3106033
http://doi.org/10.1016/j.surfcoat.2019.125016
http://doi.org/10.1007/s12206-013-0527-7
http://doi.org/10.1098/rsta.2020.0030
http://doi.org/10.1016/0013-7944(85)90052-9


Appl. Sci. 2021, 11, 1253 13 of 13

24. Karimi, M.R.; Sedighi, M.; Afshari, D. Thermal contact conductance effect in modeling of resistance spot welding process of
aluminum alloy 6061-T6. Int. J. Adv. Manuf. Technol. 2015, 77, 885–895.

25. Akram, S.; Jaffery, S.H.I.; Khan, M.; Fahad, M.; Mubashar, A.; Ali, L. Numerical and experimental investigation of Johnson–Cook
material models for aluminum (Al 6061-T6) alloy using orthogonal machining approach. Adv. Mech. Eng. 2018, 10, 1–14.
[CrossRef]

26. Hussein, A.E.; Senabulya, N.; Ma, Y.; Streeter, M.J.V.; Kettle, B.; Dann, S.J.D.; Albert, F.; Bourgeois, N.; Cipiccia, S.; Cole, J.M.; et al.
Laser-wakefield accelerators for high-resolution X-ray imaging of complex microstructures. Sci. Rep. 2019, 9, 3249. [CrossRef]
[PubMed]

27. Tsibidis, G.D.; Stratakis, E. Ionisation processes and laser induced periodic surface structures in dielectrics with mid-infrared
femtosecond laser pulses. Sci. Rep. 2020, 10, 8675. [CrossRef] [PubMed]

28. Gnilitskyi, I.; Derrien, T.J.-Y.; Levy, Y.; Bulgakova, N.M.; Mocek, T.; Orazi, L. High-speed manufacturing of highly regular
femtosecond laser-induced periodic surface structures: Physical origin of regularity. Sci. Rep. 2017, 7, 8485. [CrossRef] [PubMed]

29. Tazes, I.; Ong, J.F.; Tesileanu, O.; Tanaka, K.A.; Papadogiannis, N.A.; Tatarakis, M.; Dimitriou, V. Target normal sheath acceleration
and laser wakefield acceleration particle-in-cell simulations performance on CPU & GPU architectures for high-power laser
systems. Plasma Phys. Control. Fusion 2020, 62, 094005.

30. Kakavelakis, G.; Maksudov, T.; Konios, D.; Paradisanos, I.; Kioseoglou, G.; Stratakis, E.; Kymakis, E. Efficient and Highly Air
Stable Planar Inverted Perovskite Solar Cells with Reduced Graphene Oxide Doped PCBM Electron Transporting Layer. Adv.
Energy Mater. 2017, 7, 1602120. [CrossRef]

http://doi.org/10.1177/1687814018797794
http://doi.org/10.1038/s41598-019-39845-4
http://www.ncbi.nlm.nih.gov/pubmed/30824838
http://doi.org/10.1038/s41598-020-65613-w
http://www.ncbi.nlm.nih.gov/pubmed/32457397
http://doi.org/10.1038/s41598-017-08788-z
http://www.ncbi.nlm.nih.gov/pubmed/28814773
http://doi.org/10.1002/aenm.201602120

	Introduction 
	Experimental Methodology 
	Numerical Modeling 
	Results and Discussion 
	Conclusions 
	References

