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Abstract
A recurrent challenge for inspection techniques in critical structural adhesive bonded parts is the detection
of kissing bonds. An interesting alternative technique being developed is a laser based shock wave
adhesion test, which manages to generate high tensile stresses in specific locations of the part that can
delaminate weak bonds. In this paper, we analyze both theoretically an experimentally an alternative way
of generating tensile stresses on materials with lasers. The experimental results, represented by B-scans
on aluminium plates, clearly shows the configurations where tensile stresses are generated. Other than the
information about the shock wave arrival at the free surface, the recorded signals allows determining
stress history occurring in the target by an inverse method. Numerical simulation with the finite element
analysis code ABAQUS CAE was found to reproduce experimental B-scans.
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1. Introduction
Laser ultrasonic inspection has had success in inspecting high critical components in
aerospace industry [1,2]. However, some defects like kissing bonds are difficult to
detect. Kissing bonds look as good bonds when tested with current non-destructive
method but fails with much lower stresses. The lack of reliable non-destructive
techniques that can detect kissing bonds has prevented a widespread adoption of
adhesive bond for many critical applications. One emerging alternative to adhesive
bonding inspection is the use of lasers to generate shock waves [3-6].
This paper presents experimental results of laser-induced shock waves generated by the
laser and detected on the opposite surface of the plate. The measurement results are
compared with a numerical simulation by a finite element analysis in explicit mode
using Abaqus© code. Section 2 deals with laser-induced shock waves and section 3
introduces a laser-Doppler interferometer and the experimental setup. Section 4 shows a
comparison between experimental results and the numerical simulation.

2. Laser-induced shock wave
Laser-induced shock wave has been increasingly used for material processing like laser
shot peening [7], adhesion test [8], cladding or stamping. A high-energy pulsed laser
beam of energy E and pulse duration at half maximum τ is focused on the surface S of
the material. If the light power density Φ impinging on the surface is sufficiently high
(typically Φ > 0.1 GW/cm²), a tiny layer is sublimated or ablated. The matter,
transformed in plasma, expands and pushes in the direction normal to the sample,
creating a strong wave, which for a very high laser power, can be a shock wave (Fig.
1a). As this shock wave propagates, it is followed by a release wave (when pressure
falls down). Also, when the shock wave encounters a medium of lower acoustic
impedance Z=ρC (with density ρ and sound velocity C), it is reflected as a release wave.
This release wave crosses the release wave of the unloading and an important tensile
stress occurs. By tuning the shock parameters and the material properties, it is possible
to control the intensity and the location of this tensile stress [8].
When the laser energy is deposited on the sample under a confinement layer (glass,
water), the plasma expansion is retained and thus, pressure load and maintaining time
are increased [9]. The maximum pressure load generated during such a laser-matter
interaction for a Nd-YAG laser with a 10 ns pulse duration and 1.06 µm wavelength
[10] is given by
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where α is a laser-matter interaction coefficient, Z is the equivalent acoustic
impedance 2 = 1 + 1 .
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Figure 1. a) Laser-matter interaction in confined regime and b) different type of waves in metals.

In solid materials, there are actually many wave modes generated after an impact (Fig.
1b). When the generated wave is of weak amplitude, a longitudinal wave is propagating
forward. This wave is mostly in compression mode and it has the highest intensity and
velocity compared with shear and head waves. The shear or transversal wave has a
velocity typically of half of the longitudinal wave. The Rayleigh wave is a surface wave
and the head wave is an oblique wave between the shear and the longitudinal waves,
and is a longitudinal mode consisting of traction and compression (mode I) [11].

3. Shock detection and velocity measurement
In shock experiments, the most accessible shock variable is the material velocity u of
the opposite surface (free surface) of the impact. One of the most usual method to
measure the free surface velocity is the Laser-Doppler Interferometry (LDI). For this
work, an etalon based Fabry-Perot LDI has been designed [12]. It is able to measure
velocities from 0.5 m/s up to 300 m/s, without contact, at a high repetition rate. The
sensing spot for these experiments is about 300 µm of diameter.
The experimental setup is shown in Figure 2a. Shock generation is performed by a 2.5 J
Nd-YAG high energy pulsed laser, cadenced at 10 Hz, with a 1.06 µ m wavelength and a
10 ns pulse duration. The laser is focused on a 1 cm thick aluminium target, with a spot
of 1.3 mm diameter. Shots are performed under water confinement and the laser
generation beam is mounted in a X-Y translation stage in order to move the generation
beam accurately between two shots. Acquisition of the free surface velocity is
synchronized with shock generation and sample displacement. The pressure load
generated by the laser ablation was estimated to be about 1.1 GPa.
Series of shots were performed along a line on the sample with a laser beam
displacement of 0.5 mm between two shots and the detection fixed (Fig. 2a). For each
shot, the free surface velocity as a function of time was recorded. The velocity signals
along the path are grouped to form a B-scan image (Fig. 2b), in which colors red and
blue are respectively positive and negative velocities. The total distance scanned by the
generation laser beam is 20 mm. In the B-scan, the shortest time for which the
longitudinal wave breaks out is at the epicentre. The corresponding velocity signal is
shown on the left of the B-scan.
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Figure 2. a) Experimental setup and b) B-scan with the velocity signal at epicentre.
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4. Numerical simulation
A numerical simulation was performed with the finite element analysis code
ABAQUS®. The mesh was structured with square elements in the 2D axisymmetric
configuration with semi-infinite elements on the sample side to simulate an infinite
plane and to avoid wave rebounds. The Johnson-Cook [13] constitutive law (Eq. 2) was
used to represent the elasto-plastic behaviour of the aluminium sample. The set of
Johnson-Cook coefficients used are shown in Table I. It was found in preliminary
experiments that this equation gives satisfying results.
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Table 1. Properties of aluminium used for the simulations

Al
(*)

A
MPa
120

Johnson-Cook coefficients for Al
B
n
C
m
Tfusion
MPa
°K
300 0.33
0.1
1
916

Shock coefficients
T0
Ρ
C0
s
Γ (*)
°K kg/m3 m/s
300 2700 5380 1.339 2

Γ is the Grüneisen coefficient.

Although the color scales are not the same in Figures 3a and 3b, the B-scan obtained by
numerical simulation shows the same features as the B-scan obtained by the experiment.
From the upper part of the picture, a curved line going down represents the first arrival
of the longitudinal wave, noted L1. Shear wave and head wave are respectively noted S1
and H1. Vertical dashed lines are the locations of the free surface velocity signals shown
in Figure 4.
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Figure 3. a) Experimental B-scan on an Al sample 1 cm thick and b) B-scan obtained with Abaqus.
Vertical dashed lines are locations of velocity signals in Figure 4.
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Cuts in the B-scans correspond to θ = 0°, 35° and 45° (θ is defined in Fig. 2a)
respectively as blue, green and red lines. At the epicentre (blue line, θ=0°), the signal
shows that maximum material velocity of the free surface is under-estimated by
numerical simulation. The first arrival occurs at about 1.6 µs for a 1 cm thick aluminium
sample. It gives a longitudinal velocity of 6250 m/s, which is very close to the
longitudinal velocity for aluminium. In all cases, the free surface velocity has a strong
positive spike followed by a weaker negative valley. A positive free surface velocity
means a compressive wave and a negative value corresponds to a tensile wave.
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Figure 4. Free surface velocities corresponding
to B-scan cuts: a) experiments, and b) simulations. c)
µs
Evolution of negative peaks for each wave (S1, H1 and L1 from top to bottom) at an angle θ.

In Figure 4c, the velocities of negative peaks are plotted versus the angle θ. Despite
some discrepancies, the evolution of the simulated and experimental velocities are
similar. It is then deduced that the highest tensile stress is brought by the L1 wave on a
large angular interval around the epicentre. The tensile stress carried by H1 wave, that
has a maximum around θ=35°, is not as high as the tensile stress of L1 wave at the
epicentre. Also, the tensile stress carried by S1 wave was found to be marginal.

5. Conclusion
The experimental work and the simulation of waves generated in strong laser ablation
show that dynamic tensile stresses can be produced. This tensile stress state can be used

to probe adhesive bonding, where weak bonds would break under the test but good
bonds would be unaffected by this non-destructive test. It is found that the maximum
tensile stress is brought by the longitudinal wave and are due to edge effects. Head
waves also create tensile stress but in a lower extent and at a different angle.
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