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1. Introduction

In recent years, laser ultrasonic testing has found
many applications in industry. In general, laser
ultrasonics is used in either thermoelastic or
ablation regime. If the laser power is lower than
the material evaporation threshold, the regime is
thermoelastic and if the laser power is sufficient
for evaporation of the material, the regime is
ablation. The advantage of the ablation regime
over thermoelastic regime is that it produces
stronger signals and makes it possible to inspect
thick blocks and high-temperature parts. However,
due to the small surface damage induced in
ablation regime, its use is limited to certain
applications. In this paper, laser ultrasonics in
thermoelastic regime was modeled by finite
element method and the thermal behavior of the
material due to laser beam radiation as well as the
propagation of the generated ultrasonic wave was
investigated. Due to long computational time in
laser ultrasonics process, especially in inspection
of thick components, and since the required
element size and time increment is different for
solving the thermal and mechanical aspects of the
problem, these two sections were modeled
separately. The effect of separating these two parts
on the reduction of computation time was then
examined. First, the element size and time
increment required to solve the thermal problem
were found by repeating the analysis. These results
were then used as input load to mechanical
analysis. The results were validated by comparison
with other numerical and laboratory results.
Furthermore, the capability of the Code-Aster
computational solver in modeling the laser
ultrasonics process in thermoelastic regime was
also evaluated.

2. Numerical Simulations

Code-Aster solver was used to perform finite
element calculations. The calculations were
divided into two parts: thermal and mechanical.
Unlike the common method, a different meshing
was used for each of the two analyses. In the first
part, the laser pulse radiation on the body surface
was modeled and the temperature distribution in
the specimen was calculated as a function of time.

In the second part, the results of thermal analysis
were used as input load to the mechanical analysis
and node displacements due to instantaneous
surface expansion and ultrasonic wave formation
were examined dynamically. A Nd: YAG laser
with 5 ns pulse rise time and 0.354 mm spot radius
were used in finite element calculations. Two-
dimensional calculations were performed on a
piece of tungsten with dimensions of 3.12 x 8 mm?.
Due to the symmetry of the test piece along its
horizontal axis, only half of the specimen was
modeled. Element size is of particular importance
in finite element analysis and convergence is
achieved when the elements size is sufficiently
small. The optimum value is usually found by
repeating the analysis while gradually reducing the
elements size. In our case, the analysis was
repeated several times with different element sizes
and the results converged when the elements size
in the area close to laser spot reached 100 nm
(Figure 1). For the areas away from the laser, the
analysis was also repeated several times and each
time, the elements were made slightly larger. It was
observed that with elements as small as 30 um or
less, the results remain unchanged.

Mechanical analysis does not require such a
fine mesh. As Figure 2 shows, by reducing the
elements size to 15 pm, the time it takes for the
transverse wave to reach at the bottom of the
specimen gradually increases and then remains
constant. Therefore, this part of the analysis was
carried out with an element size of 15 pm.

Another factor affecting the accuracy and
computation time is time increment. The higher the
laser energy density, the smaller the time
increment that is required to solve the problem. For
the 3.9 mJ laser, the results converged when using
a time increment of 100 ps. Calculations for the 10
mJ laser were performed with a time increment of
50 ps. The cooling step was repeated with the
larger time step than the calculated value and no
change was observed in results; therefore, time
increment of 11.5 ns was used in this step.
Mechanical analysis was performed explicitly with
a time step of 2 ns and propagation of ultrasonic
waves for 1180 ns after laser irradiation was
modeled.
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Figure 1. Relationship between elements size (close to laser spot) with temperature at a point above the surface and in the
center of the laser beam. The pulse energy is 10 mJ and pulse rise time is 5 ns.
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Figure 2. Relationship between element size and the time it takes for the transverse wave to reach the bottom of the
specimen in mechanical analysis

Thermal and mechanical computation times with
Ubuntu operating system, 2.7 GHz x 8 core i7-
6700HQ processor and 16 GB of RAM were 47
and 68 minutes, respectively. The use of different
mesh sizes and different time increments for each
of thermal and mechanical analyses made the wave
propagation problem to be executable in a short
time. For comparison, the thermal and mechanical
calculations were repeated with identical time
steps and mesh sizes. The computation time turned
to become several times longer in this case.
Thermal analysis took two hours and seven
minutes to be completed and mechanical analysis
took 11 hours and 29 minutes.

3. Results and Discussion

Variations of temperature as a function of time at a
point on the surface and in the center of the laser
spot were extracted for a laser with a pulse energy
of 10 mJ and a maximum power of 228 MW/cm?

and compared with numerical results of Every et al.

(2013) (Figure 3).

As shown in Figure 3, the results are in good
agreement with those reported by Every et al.
(2013). To compare our results for the mechanical
part of the problem with experimental results of
Reese et al. (2013), a laser with a pulse energy of
3.9 mJ was modeled and ultrasonic waves resulting
from instantaneous expansion of the surface were
extracted. Figure 4 shows the time-displacement
diagram for a point at the bottom of the specimen
along the laser beam. From the time the laser beam
hits the surface until ¢t =574 ns, the curve is
horizontal, and the displacement is almost zero.
Since longitudinal wave velocity is higher than
transverse wave velocity, the initial displacement
observed at approximately t =574 ns is due to the
arrival of the longitudinal wave at the bottom
surface of the test piece. The peak of the diagram
also corresponds to the arrival of the transverse
wave at the bottom surface. The transverse wave
arrival time is 1052 ns in our simulations and 1008
ns in the practical experiments of Reese et al.
(2013). The corresponding time for the arrival of
longitudinal wave is 574 ns in finite element model
vs. 560 ns in experiments.
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Figure 3. Variations

of temperature as a function of time at a point on the surface and in the center of the laser spot were

extracted for a laser with a pulse energy of 10 mJ and a pulse rise time of 5 ns
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Figure 4. Time-displacement curves for a point at the bottom surface of the specimen along the laser beam. The laser
pulse energy is 3.9 mJ and pulse rise time is 5 ns.

Comparison of the results shows an error of 2.5%
for the longitudinal wave and 4.4% for the
transverse wave. Different values have been used
in references for Young’s modulus of tungsten. The
Young's modulus measured for tungsten by other
researchers is reported to be 407+87.8 GPa.
Therefore, the mechanical analysis was repeated
with different Young’s moduli and it was observed
that with a Young’s modulus of 440 GPa, the
simulation results turn out to be in good agreement
with experimental results reported by Reese et al.
(2013). Therefore, it is likely that one of the
reasons for the difference between our simulation
results with experiments is the value of the Young's
modulus used for tungsten. Good agreement
between our numerical results with experiments
confirms the capability of the Code-Aster solver in
modeling ultrasonic waves generated by laser
radiation as well as the accuracy of mechanical
modeling of laser ultrasonics.

4. Conclusion
Laser ultrasonics in the thermoelastic regime was

modeled in 2D using Code-Aster solver and the
thermal behavior of the material as well as the
generation of ultrasonic waves by a Nd: YAG laser
beam with a wavelength of 532 nm, pulse rise time
of 5 ns, and spot radius of 0.354 mm were studied.
In the finite element method, the computation time
of complex processes is very high and therefore, it
is necessary to find the optimized size of elements
that results in shortest computation time. In
previous studies, thermal and mechanical analyses
in solving the problem of laser ultrasonics have
been carried out simultaneously and in one step. In
this study, the size of the elements required to
perform these two analyses were chosen to be
different. Due to large differences in element sizes
required for thermal and mechanical analyses, it is
suggested that laser ultrasonics and similar
thermo-mechanical  coupling  processes be
modeled in two stages with different time
increments and mesh sizes. This would lead to
significant reduction of computation time.
Moreover, good agreement of thermal and
mechanical analyses results with both numerical
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and experimental results available in the literature
indicates that the Code-Aster solver is a good
choice for finite element analysis of laser
ultrasonics problems. Code-Aster solver is free
and non-commercial.
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