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A B S T R A C T

In this paper, the effect of ablation on the shape of elastic waves generated by laser excitation is studied nu-
merically and experimentally. Laser-induced ultrasound has been widely used in the nondestructive testing
(NDT) field because it has the advantage that the sensor does not have to be directly attached to the target
structure. In the safety assessment process, low energy excitation is used, and thus the structure is not damaged.
Most studies related to laser ultrasound have focused on the method of detecting cracks within the elastic range,
and there have been few studies on the effect of ablation. This research consists of experiments and numerical
analyses. In experiments, elastic waves were generated in an aluminum plate by projecting laser pulses with
different energy intensities. The velocities in the thickness direction were measured using a Laser Doppler
Velocimeter (LDV) at a point 135mm away from the excitation point.

In the numerical study, two numerical simulations were carried out using heat flux and normal stress input to
mimic laser pulse excitation. A thermo-mechanical simulation by heat flux was conducted to simulate thermal
expansion by the laser pulse, and the normal stress was applied to reflect the effect of radiation pressure by
ablation, respectively. Waveforms were synthesized by using different magnitude ratios of the obtained nu-
merical responses and were compared with the experiment results. It is found that the effect of radiation pressure
should not be neglected if the energy intensity is large although the effect of radiation pressure decreases as the
energy intensity decreases. At the energy intensity with which ablation occurs, the effects of thermal expansion
and radiation pressure exist simultaneously, and the contribution to the response depends on the energy in-
tensity.

1. Introduction

For the diagnosis of structural safety, high-energy radiation, ultra-
sound, eddy currents, and magnetic particles methods have been widely
used [1]. Non-destructive evaluation method using ultrasonic waves
consists of linear methods using reflection and refraction of the waves
and nonlinear methods using the interaction of cracks [2]. Among those
methods, a laser-induced ultrasonic technique has an advantage for
high temperature or hazardous structural safety inspection because the
sensor does not need to be directly attached to the structures [3]. A
laser-induced guided wave has been utilized for the purpose of non-
destructive testing (NDT) [4,5] for several decades. Burrows et al. used
Lamb waves generated by a laser for NDT [6]. Dewhurst et al. per-
formed experiments with a cylindrical specimen by applying an un-
focused laser beam and measured the surface displacement on the op-
posite side of the excitation surface using a capacitance transducer. A

theoretical model considering both the effects of thermoelastic and
normal force shows good agreement with experiment results [7].

Aussel et al. applied a laser pulse to a half of a cylindrical specimen,
and measured the surface displacement by changing the measurement
position. As a result, the ablation effect was dominant as it was closer to
the normal to the point of impact, and the effect of the thermoelastic
condition increases as the distance increases [8]. Murray and Wagner
compared the theoretical model with the experimental results by su-
perposing the waves generated by the vaporization pressure in the
ablative regime and thermoelastic wave effect [9]. Guo et al. applied
oblique line-shaped force with a laser to the specimen, and they con-
firmed that the shear wave is enhanced obviously as shear force in-
creases making the surface wave enhanced in the direction of transverse
power flow [10]. Pierce et al. diagnosed a composite material using an
ND: YAG laser [11]. Li et al. simulated guided waves generated on the
human skin by a laser pulse using FEM [12]. Liao et al. performed the
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numerical analysis with the axis-symmetric two-dimensional model to
simulate a thin copper film using the Comsol Multiphysics finite ele-
ment program [13].

Lee et al. performed structural health monitoring of pipelines in a
nuclear power plant with guided laser ultrasound [14]. Also, Lee et al.
measured mechanical impedance and detected damage using laser ul-
trasound [15]. Liu and Hong simulated Lamb wave generated by a laser
pulse with the subregioning scheme to reduce the computational cost
[16]. White et al. performed wavelet-transformation of multiple ultra-
sonic echoes and applied the separable nonlinear least square method
to estimate the associated unknown parameters [17]. Despite this body
of work, most studies have focused on PZT-induced wave and crack
detection techniques, and fundamental research on laser-induced waves
is still needed. To analyze the laser-induced wave accurately, it is re-
quired to clarify the excitation conditions. Shi assumed that the major
excitation by the laser as exert normal stress on the surface of the
structure and presented the analytical and experiment results [18]. The
normal force is generated by the radiation pressure due to momentum
change and ablation of the photons [19]. On the other hand, Lee de-
scribed laser excitation as radial traction from the thermal expansion
because the heat flux by the laser strike changes the surface tempera-
ture abruptly and accompanies the thermal expansion [20]. It is un-
derstood that laser excitation would generate both the radiation pres-
sure and the thermal expansion although the ratio of those might vary
according to the laser intensity. We perform laser-induced excitation
tests and carry out numerical simulations to generate separate re-
sponses by the radiation pressure and the thermal expansion, respec-
tively. Then we inversely calculate the contribution from those excita-
tions by analyzing the experiment results.

In Section 2, analytical models for laser-induced waves and their
limitations are summarized. In Section 3, experimental conditions and
results are presented. In Section 4, the numerical model, simulation
conditions, and results are presented and discussed. In Section 5, the
experimental and numerical analysis results are compared. The ratios of
influences by the radiation pressure and thermal expansion are com-
pared. It is found that the effect of normal stress due to radiation
pressure becomes more dominant as the laser intensity increases.

2. Theoretical model of laser-induced wave

Shi et al. considered the major excitation source of the laser-induced
wave as the radiation pressure due to the momentum change of photons
[18], whereas Lee explained that the radial stress due to thermal ex-
pansion is dominant in generating stress waves [20]. In this section, we
summarize the analytical models for the laser-induced wave and ex-
plain the limitations of the approaches.

2.1. Analytical model by the radial pressure and thermal expansion

An analytical solution of a three-dimensional circularly crested
wave was derived in the cylindrical coordinate system to utilize ax-
isymmetric conditions as shown in Fig. 1. The stress boundary due to
normal traction from the radial pressure is expressed as

σ r t f r t z h
z h

( , ) ( , ) at
0 at

,zz = ⎧
⎨⎩

= +
= − (1)

σ r t z h( , ) 0 at .zr = = ± (2)

where σzz is the normal traction, σzr is the tangential traction, f r t( , ) is
the excitation function of the circular source, r is the radius of the laser,
and h is half of plate thickness.

Similarly, the stress boundary due to radial traction by the thermal
expansion is written as

σ r t f r t z h
z h

( , ) ( , ) at
0 at

,zr = ⎧
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= +
= − (3)

σ r t z h( , ) 0 at .zz = = ± (4)

In the analytical derivations, it is assumed that there exists only
normal stress or radial stress on the top surface of the plate.

2.2. Analytical calculation of guided wave in an infinite plate

Fig. 2 shows the process for solving a nonhomogeneous wave
equation. The Fourier-Hankel transform is taken to transform the
equation of motion in the cylindrical coordinate system into the fre-
quency-wavenumber domain. Next, the boundary condition is applied
to the obtained ordinary differential equation. The time domain solu-
tion is derived by taking the inverse Fourier-Hankel transformation of
the frequency domain response.

First, the equation of motion is derived from the stress equilibrium
equation in the cylindrical coordinate system with the constitutive law
as
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where λ and μ are Lamé constants of the material, ur and uz are the
displacements in the radial and vertical directions, respectively, and Ω
and Δ are defined as
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Next, the Fourier-Hankel transform is applied to the displacements
as follows:

u z k ω u z r t rJ kr e r t( , , ) ( , , ) ( ) d d ,z z
jωt
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where k is the wave number, ω is the frequency, j is imaginary number,
J kr( )0 and J kr( )1 are the zeroth and first order Bessel functions, re-
spectively. A set of ordinary differential equations is obtained by sub-
stituting the derivatives of displacements into Eqs. (5) and (6) as fol-
lows:
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Fig. 1. An analytical model for normal and ra-
dial tractions by laser excitation in different di-
rections.
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By considering the displacement field compatibility, the general
solutions are written as
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where CA , B , ,as a and Ds are arbitrary constants, and α and β are defined
as
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where cL and cT are the longitudinal and transverse elastic wave velo-
cities, respectively. The arbitrary constants CA , B , ,as a and Ds are cal-
culated by substituting the boundary conditions into Eq. (1)–(4). With
the normal traction condition, the coefficients are written by
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In an analogous manner, the coefficients for the radial traction
conditions are obtained as
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The stress boundary condition is prescribed as

f r t
π

f k ω kJ kr e k ω( , ) 1
2

( , ) ( ) d d ,jωt
0 0∫ ∫=

−∞

∞ ∞ −
(25)

where f k ω( , ) is the Fourier-Hankel transform of the circular source
described as

f k ω rJ kr
k
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(26)

where r is the radius of the laser beam. The inverse transform pair is
then expressed as follows:
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By using the inverse Fourier- Hankel transform, the normal dis-
placements u z r t( , , )z are expressed as
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where N h k ω( , , )z is the material response, which varies by the traction
boundary condition whether normal force or radial force is applied. In
the case of normal force excitation, N h k ω( , , )z and H h ω( , )z are ex-
pressed as follows.
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where Δs and Δa are determined as follows.
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Here, Δs
' and Δa

' represent the derivatives of Δs and Δa with respect to
the wave number k. In Eq. (31), the pole at which the integrand di-
verges infinitely is located when Δ 0s = in the denominator.

On the other hand, with the radial traction boundary condition,
N h k ω( , , )z is obtained as
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Setting Δ 0s = and Δ 0a = in Eqs. (32) and (33) yields the Rayleigh-
Lamb frequency equations for symmetric and antisymmetric modes,

Fig. 2. Flowchart for analytically calculating response in time domain.
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respectively. The direct integration is not applicable to Eq. (30) because
of the existence of poles in the complex domain. Therefore, researchers
have utilized the residue theorem to integrate the integrand functions
written as

h k ω r N h k ω f k ω kJ krΞ( , , , ) ( , , ) ( , ) ( ).z 0=  (36)

To apply the residue theorem, an integration path must include the
integration from the negative infinity to the positive infinity. However,
when the imaginary part of k goes to the positive infinity or the ne-
gative infinity, it is observed that the integrands in Eq. (29) diverge due
to the existence of the Bessel functions as shown in Fig. 3. The contours
in Fig. 3 are plotted by substituting angular velocity ω of 20354 rad/s,
laser radius r of 0.25mm, longitudinal wave speed cL of 5846.47m/s,
transverse wave speed cT of 2945.05m/s, and thickness h2 of 3mm into
Eq. (36). The divergence of Bessel functions occurs regardless of ex-
citation direction and Lamb wave mode. The residue theorem cannot be
applied to the four combinations of excitation direction and Lamb wave
mode. Therefore, we numerically calculate the responses by the normal
and radial tractions by using the finite element method (FEM).

3. Experiment results

3.1. Experiment conditions

As shown in Fig. 4, experiments by the laser excitation were carried
out on a 3mm thick plate. The size of the aluminum plate was set to
300mm×300mm so that the incident waveform could be observed
before the reflected wave arrives at the target point. The density and
Young's modulus of the aluminum 6061-t6 plate to be used in the ex-
periment were measured and summarized in Table 1. The density was
calculated by measuring the size and weight of the plate, and the wave
speed was measured using a pulse generator by recording the wave
arrival time using an oscilloscope. Young's modulus could be calculated
from the density and wave speed. Fig. 5 shows that the time domain
signal and the magnitude of the wave decreases in propagating through
the plate. The longitudinal wave speed was calculated using the time
delay information.

An ND: YAG laser was used for excitation, of which the time
duration is 12 ns and the maximum energy level is 25mJ. The diameter
of the laser beam varies depending on the focal length and is adjusted to

Fig. 3. Integrands of S mode Lamb wave for (a) normal and (b) radial tractions, respectively, in the complex domain.
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be 0.5 mm. To reduce the disturbance by noise, the excitation and
measurement were repeated 1000 times to 5000 times depending on
the laser level. The velocity in the normal direction was measured using
a laser Doppler velocimeter (LDV). The points of excitation and mea-
surement were arranged symmetrically with respect to the center of the
plate, and the distance between two points was 135mm. The boundary
effect was minimized by supporting both ends of the plate with rubber
supports.

3.2. Laser-induced Lamb wave

Fig. 6 shows the normalized velocity measured in the thickness di-
rection during the experiments. With relatively weak energy intensities
of the laser, the noise was not negligible, but the effect decreases with
increasing energy. In Fig. 6(a), it is difficult to accurately measure the
arrival time of the longitudinal wave due to the noise, but the arrival
time is distinguished clearly in Fig. 6(c) by increasing the laser in-
tensity. The transverse and the surface waves follow the longitudinal
wave. By using the waveforms with the increase of the laser intensity,
the calculated time delay became more accurate.

4. Numerical simulations

4.1. Numerical model for thermo-mechanical analysis

A numerical analysis of the laser-induced wave was performed using
a commercial FEM software, LS-Dyna [21]. Firstly, the plate was
modeled with 8-node brick elements, and the element size was set to
0.5 mm in consideration of the calculation time and wave frequency
range. Thus, six elements are arranged in the thickness direction. The
thermally excited region by the heat flux from the laser pulse is mod-
eled using smaller elements as shown in Fig. 7(a).

To reduce the calculation time, the symmetric boundary is set as
shown in Fig. 7(b), and the plate is fixed in the vertical direction on
both sides of the plate considering the experimental conditions. The
material properties used in the numerical simulation are summarized in

Fig. 4. Schematic of experimental setup. The point of excitation and the point
of measurement were set to be symmetric on the square plate.

Table 1
Material properties measured by the experiment.

Material properties Density Young’s modulus

Aluminum 6061-t6 2738.5 kg/m3 63.18 GPa

Fig. 5. Time domain signal of p-wave passing through a 3mm plate compared
to the transmitted signal. The wave speed is obtained from the distance and
arrival time.

Fig. 6. Velocities measured in the thickness direction at a distance of 135mm
from the point of excitation. The diameter of the laser is 0.5 mm, and the energy
levels are (a) 5 mJ, (b) 12.5 mJ, and (c) 20mJ.

S.E. Lee et al. Ultrasonics 91 (2019) 121–128

125



Table 2. The measured density and Young's modulus from the experi-
ments are used, and thermal properties of the plate are introduced to
describe thermo-mechanical response by heat flux.

A specific material model should be used to perform a thermo-
elastic analysis in the LS-Dyna program. In this study, thermal expan-
sion is implemented in the simulation by using the
“Material_Plastic_Elastic” model. Next, the velocity in the thickness
direction was measured at a point 135mm away from the point of
excitation.

A numerical analysis is conducted for two types of excitation con-
dition. The first excitation is the heat flux that generates the thermal
expansion, and the second is the normal stress corresponding to the
radiation pressure. Since the excitation time duration of the ND: YAG
laser equipment used in the experiment was 12 ns, the curve of the
trapezoidal shape shown in Fig. 8 is used for the numerical simulation.
If the time step determined by the element size and material properties
is greater than 12 ns, wave propagation is not obtained correctly in the
numerical analysis results. Therefore, the initial time step of the ana-
lysis should be substantially smaller than 12 ns.

4.2. Simulation results

Fig. 9 shows normalized velocities in the thickness direction ob-
tained from the measuring point shown in Fig. 7(a). Data up to 100 μs
are recorded because it is difficult to compare the waveform with the
experiment due to the reflected wave after 100 μs. Since there is no
influence of noise in the numerical analysis, the velocity remains zero

until the longitudinal wave arrives. A longitudinal wave with a fast but
small amplitude arrives first, followed by a relatively slow transverse
wave. When a laser pulse is exerted to a thin plate, a Lamb wave with
all modes takes place. Because the velocities of the A0 mode and the S0
mode, which have the largest amplitudes among the various modes, are
similar to those of the transverse wave, the amplitude of the wave be-
comes considerably large immediately after the transverse wave ar-
rives. Both numerical results look similar in the waveforms, but it
should be noted that there are some differences. Firstly, the long-
itudinal wave and the transverse wave of two waves reached at 23.1 μs
and 45.8 μs, respectively. The wave caused by the thermal expansion
has a relatively large negative maximum velocity, whereas the wave
caused by the radiation pressure is relatively small. The surface wave by
thermal expansion travels slightly slower.

Due to these differences, the waveform differs according to the
mixing ratio of the two waves caused by the radiation pressure and
thermal expansion in Fig. 9. The results can be used as the basis results
to be compared with experiment results for different laser intensities.

4.3. Comparison of numerically simulated results and experiment results

Fig. 6 shows the experimentally measured velocity in the thickness
direction on the surface of the aluminum plate. The laser energy level
was increased from 5mJ to 20mJ by the interval of 2.5 mJ. As the
energy level was increased, the surface wave was shifted backward, and
the negative velocity which means descending wave tended to decrease.
Since the above differences are observed in the numerical results in
Section 4, the two waves from the numerical simulations are used as
bases to analyze the experiment results shown in Fig. 10.

In Fig. 10, m and n represent the mixing ratio of the wave by
thermal expansion and radiation pressure. Using the least square

Fig. 7. (a) Schematic of finite element model. A symmetric boundary is used to
reduce computation time. (b) An enlarged view of excitation area. The excita-
tion area is modeled using small elements to reflect the circular shape of the
laser.

Table 2
Material properties used in the thermoelastic analysis.

Material property (Aluminum 6061-t6)

Poisson’s ratio 0.33
Thermal expansion rate (m/K) 2.2 10 5× −

Heat capacity (J/kg·K) 896
Thermal conductivity (W/m·K) 167

Fig. 8. Temporal profile used for heat flux and normal stress for the duration of
12 ns.

Fig. 9. Normalized velocity in the vertical direction of the plate in numerical
simulation. The amplitudes and the arrival times of the waves are different.
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method, we find the ratio of m and n that minimizes the difference
between the experiment results and the synthesized numerical results.
The synthesized waves found from the least square method are plotted
in Fig. 10. In the experiment, ablation was observed at an energy level
of 7.5mJ. In Fig. 10(a), ablation was not observed with a laser level of
5mJ. Fig. 10(b) and (c) shows the laser level of 12.5 mJ and 20mJ,
respectively. By the mixing ratios m and n of the numerical results, the
effect of radiation pressure was increased compared to the result in
Fig. 10(a). The effect increased as the energy level increased. The ratios
of m and n to total energy are plotted in Fig. 11. If ablation did not
occur, the proportion of the radiation pressure was negligible, but the
ratio increased as the ablation takes place. The ratios converge with
larger energy than 12mJ.

At the intensity at which ablation does not occur, the laser-induced
wave can be reproduced by considering only thermal expansion, but the
radiation pressure must be considered if ablation occurs.

5. Summary and conclusions

In this study, we experimentally and numerically investigated wa-
veforms generated by laser pulses. Experiments were carried out by
changing the energy level of an ND: YAG pulse laser from 5mJ to
20mJ, while keeping the diameter the circular excitation area of
0.5 mm. In experiments, elastic waves were generated on an aluminum
plate by changing the energy level. The velocities in the thickness di-
rection were measured using a Laser Doppler Velocimeter (LDV) at a
point 135mm away from the excitation point. In the numerical study, a
mesh modeling process was performed using a commercial program
Hypermesh [22], and a numerical analysis was performed using a
commercial FEM program, LS-Dyna. Two numerical simulations were
carried out using heat flux and normal stress inputs to mimic laser pulse
excitation. A thermo-mechanical simulation with heat flux was con-
ducted to simulate thermal expansion, and normal stress was applied to
reflect the effect of radiation pressure, respectively. The numerically
obtained waveforms are utilized to synthesize the waveforms to match
the experiment results. In this parametric study, the contribution ratios
of those numerical results were inversely calculated.

It is found that the effects of thermal expansion and radiation
pressure exist simultaneously if ablation takes place. Therefore, the
effect of radiation pressure cannot be neglected when the energy in-
tensity is large although the effect of radiation pressure decreases as the
energy intensity decreases below a certain level. The investigation re-
sult would be beneficial to determine the appropriate energy intensity
to maximize the signal to noise ratio of the experimental data while
minimizing the unwanted mixture of the responses from the normal and
radial tractions.
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