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ABSTRACT

Adhesion is the ability of dissimilar particles to clutch
together and is used to describe the contact between
two interfaces. It is often considered as the predomi-
nant factor for coating reliability in thin-film technologies.
Many techniques have been established to estimate the
coating-substrate adhesion intensity. In this work, laser-
ultrasonics, as a non-destructive non-contact method, is
implemented to identify the adhesion level on a structure
composed of a polyvinyl chloride film in contact with an
aluminum sample. For the generation of elastic waves, a
doubled frequency Nd:YAG laser is used. Then, the nor-
mal displacement at the surface of the substrate is detected
thanks to a heterodyne interferometer of Mach-Zehnder
type. Rayleigh modes dispersion curves obtained exper-
imentally are compared to the theoretical ones, which
are analytically obtained in order to evaluate the adhe-
sion level as an inverse problem. Moreover, the finite el-
ement method is exploited to model the propagation of
the surface acoustic waves on the studied sample. Indeed,
it is necessary to predict the phenomena that could hap-
pen while characterizing a layer on a substrate structure.
Finally, this allows to analyze the matching between ex-
perimental and numerical results while applying different
degrees of adhesion.
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1. INTRODUCTION

Chemical, mechanical, electrostatic, diffusion and disper-
sion are mechanisms that describe the phenomenon of ad-
hesion for which the strength is affected by several factors.
Evaluating this strength is the primary factor associated
with coating quality and the lifetime of the thin film in-
dustry [1]. Laser ultrasonics is one of the most efficient
non-destructive non-contact testing methods suitable for
this purpose. Rayleigh wave is dispersive while propagat-
ing in a structure composed of a film on a substrate, due
to its interaction with two layers at the same time. Indeed,
it is sensitively related to the thickness of the layer and its
adhesion to the substrate [2–4].

Diverse studies have been evaluating adhesion
strength by means of acoustic waves. Piezoelectric trans-
ducers are widely used in research to generate and detect
high-frequency elastic waves, which help estimate physi-
cal properties such as the adhesion of layers to a substrate.
A common issue in studies involving an intermediate ad-
hesive layer at the interface is the difficulty in controlling
its thickness [5–7]. Consequently, it is important to have
a uniform thickness of the film along the propagation of
Rayleigh modes so that the changes in dispersion curves
are more accurately caused by the adhesion strength.

The frequency-doubled Nd:YAG can generate surface
acoustic waves (SAWs) at the interface between a trans-
parent layer deposit on a substrate, unlike transducers. By
generating SAWs at any position at the interface, the im-
pact of adhesion strength on Rayleigh mode dispersion
curves can be experimentally determined. Rayleigh wave
propagates through the interface and continues on the sub-
strate surface. The normal displacement of the surface is
detected at the substrate surface using a heterodyne inter-
ferometer.
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The transfer matrix method, developed by Thomson
and Haskell [8, 9], with the stiffness method by Rokhlin
and Wang [10], provides an accurate approach for calcu-
lating dispersion curves influenced by adhesion parame-
ters and is presented in the first part. The results of the
finite element method by COMSOL are presented in the
second part. Finally, the experimental setup is discussed
and the results are compared with the theoretical predic-
tions.

2. THEORETICAL BACKGROUND

Three cases of Rayleigh modes dispersion behav-
ior exist, loading case if c′t/ct < 1/

√
2, stiffen-

ing case if c′t/ct >
√
2, and intermediate case if

1/
√
2 < c′t/ct <

√
2, such that c′t and ct are the

shear wave velocities of the layer and the substrate respec-
tively [11]. The transfer matrix by Thomson and Haskel
is a widely used method in many publications [12–15] for
studying adhesion. For a given stiffness Kα, such that
α = n and α = t for normal and tangential stiffness re-
spectively, the stresses and displacements are given as:{

σij = σ̂ij

σij = Kα(ûi − ui)
(1)

In this equation, σ and u denote respectively the stress
and displacement of the substrate at the boundary, while
σ̂ and û correspond to those of the layer.

The theoretical approach considers a homogeneous
multilayered structure, for which each layer has density ρ,
transversal wave velocity ct, and longitudinal wave veloc-
ity cl. The transfer matrix method of a multilayered struc-
ture is a concept that links the stresses and displacements
properties of a layer into a matrix mathematical form. The
matrix representation for a single layer on a semi-infinite
substrate can be written as [8–10]:

[M] = [MSubstrate (0)]
−1

[A] [MFilm (hFilm)] [MFilm (0)]
−1

(2)
such that:

A =


1 0 1

Kt
0

0 1 0 1
Kn

0 0 1 0
0 0 0 1

 (3)

Here, [M] denotes the matrix of stresses and displace-
ments for the structure. The matrices [MSubstrate (0)]

−1

and [MFilm (hFilm)] represent the boundaries between the

substrate and the film interface, while [MFilm (0)]
−1 corre-

sponds to the layer-free surface interface. The dispersion
relationship can be determined using the matrix elements,
labeled as Mij , from the matrix [M]. Here, i represents
the row number and j stands for the column number:

M21 −M11

M12 −M22
=

M41 −M31

M32 −M42
(4)

Fig. 1, shows the evolution of the dispersion curves
of Rayleigh modes for different values of kn,t prop-
agating through the interface of polyvinyl chloride
(PVC) layer of longitudinal and transversal wave ve-
locity clPV C

= 1900 m/s, ctPV C
= 760 m/s re-

spectively, density ρPV C = 1300 kg/m3, and thick-
ness hPV C = 213 µm, on aluminum (Al) sub-
strate of longitudinal and transversal wave velocity
clAl

= 6400 m/s, ctAl
= 3140 m/s respectively, and

density ρAl = 2798 kg/m3, in the loading case.

Figure 1. Evolution of Rayleigh modes dispersion
curves with respect to different adhesion strength.

When the stiffness is weak, the Rayleigh modes sep-
arate and tend towards the Lamb modes of the PVC layer,
as well as the Rayleigh wave velocity of the substrate.
However, when the stiffness becomes strong, it forms the
dispersion curves of Rayleigh modes under perfect con-
tact condition.

3. FINITE ELEMENT MODELING

A Finite Element Modeling (FEM) is performed and the
section is split into two parts. The first one covers the
essential parameters of aluminum and polyvinyl chloride
required for the FEM analysis, along with the model’s ge-
ometry, meshing, and time step conditions. The results are
compared with the theory in the second part.
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3.1 Material Parameters and Meshing

3.1.1 Geometry

A squared aluminum block of 9.8 cm length and a thick-
ness of 4.9 cm is used experimentally, along with a PVC
film of a measured thickness of hPV C = 213 ± 5 µm
and a width of 2 cm. A two-dimensional geometry in the
plane strain structural mechanics model is sufficient for
accurate results. To reduce simulation time, the geometry
of this 2D model, as depicted in Fig. 2, is summarized as
follows:

• Polyvinyl chloride (subdomain D1):
LPV C = 15.1 mm, hPV C = 213 µm,

• Intermediate layer (subdomain D2):
L0 = 15.1 mm, h0 = 0.1 µm,

• Aluminum (subdomain D3): LAl = 17.1 mm,
hAl = 0.5 mm,

• Perfectly Matched Layer (subdomain D4).
• Source: two points separated by 200 µm.

Source

Al

Detection Points

PVC

PMLD4 IntermediateLayer

15.1 mm
D3 D1

D2

Figure 2. Diagram showing the meshing of the ge-
ometry and its dimensions, as well as the detection
and generation points.

The interfacial layer represents the adhesion strength,
and the thickness is fixed at h0 = 0.1 µm (negligible
thickness less than 0.1% of hPV C), ν0 = 0, and a den-
sity of ρ0 = 130 kg.m−3 that is 10% of ρPV C . Finally,
the Young’s modulus of this layer E0 links the adhesion
parameters Kn and Kt in Eqn. (5) as the following [10]:{

Kn = 1
h0

E0(1−v0)
(1+v0)(1−2v0)

= E0

h0

Kt =
1
h0

E0

2(1+v0)
= E0

2h0

(5)

3.1.2 Parameters

To apply the parameters to this model, we need to calcu-
late Young’s modulus and Poisson’s ratio for each mate-
rial. These parameters are computed using Eqn. (6) based

on ct, cl, and ρ, which are considered in the theoretical
calculations. Tab. 1 shows the calculated Young’s modu-
lus and Poisson’s ratio for PVC and aluminum. ct =

√
µ
ρ

cl =
√

λ+2µ
ρ

(6)

Table 1. Parameters for PVC and aluminum.
PVC aluminum

λ (GPa) 3.19 59.4

µ (GPa) 0.75 27.6

E (GPa) 2.11 74.02

ν 0.405 0.342

3.1.3 Meshing and Time Step

A Gaussian laser pulse shape with a duration of τ = 25 ns
is applied as a force. The two point thermoelastic sources
are loaded with forces of −F (t)⃗i and +F (t)⃗i on the first
and second point loads, respectively. Where ±⃗i represents
the direction of the unit vector i⃗ along the x-axis on the
substrate’s surface, and the force F (t) is expressed [16]:

F (t) =
t

τ2
exp

(
−t

τ

)
.H(t) (7)

Such that, H(t) is the Heaviside function. The time
range is set up to 10 µs for detecting dispersive signals,
and a time step of ∆t = 4 ns is chosen, satisfying Eqn. (8)
[17, 18], assuming that fmax = 10 MHz. However, the
maximum element size ∆x = 10 µm is applied to the
three layers for a uniform mesh, based on fmax, which
should be less than 15 µm. A coarse mesh is used in
domain 4 as a PML to attenuate bulk and surface elas-
tic waves. All these factors and dimensions are illustrated
in Fig. 2. {

∆t < 1
20fmax

∆x < λmin

20

(8)

3.2 Results of FEM

The Finite Element Method can help to identify the ex-
perimental solution based on physical principles. Fig. 3,
shows the results at different times and the dispersion of
the surface acoustic waves affected by the thickness and
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Head Wave
P-Wave

S-Wave
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y

Figure 3. Surface waves at different times of flight:
t = 0.2 µs(a), t = 0.6 µs(b), t = 1 µs(c), t =
2 µs(d).

Young’s modulus of the intermediate layer E0 = 2 GPa
(chosen as a perfect contact condition).

At t = 0.2 µs (a), the effect of the force in the ther-
moelastic regime appears, by generating P-Wave (longitu-
dinal wave), S-Wave (transversal wave), Head wave, and
surface Rayleigh wave. At t = 0.6 µs (b), elastic waves
are attenuated in the PML, and the Rayleigh wave inter-
acts with the film. At t = 1 µs (c), the start of the guided
wave reflections in the film causes dispersion. At t = 2 µs
(d), dispersion increases as the wave propagates, and all
waves are attenuated in the PML, indicating greater dis-
persion with a longer propagation distance.

The uniformity in the thickness and other properties
of the materials in the FEM allows for flexibility in study-
ing the impact of adhesion by altering Young’s modulus
of the intermediate adhesive layer, which is related to Kn

and Kt (Eqn. (5)).

Figure 4. Signals related to the normal displacement
detected at each point of the interface.

Figure 5. Wavenumber-frequency diagram obtained
by FEM matching the theoretical calculation.

Fig. 4 shows the modifications of the wave amplitude
and its dispersion at each detection point. Then, its corre-
sponding wavenumber-frequency diagram by 2D Fourier
transform is represented in Fig. 5 matching the theoretical
calculation of the dispersion curves in the wavenumber-
frequency domain. The theoretical calculation can be ob-
tained by calculating at each frequency the values of the
wavenumber for each value of the phase velocity.

These results predict that in the frequency range
f ≤ 6MHz, the second, third, and fifth Rayleigh modes
are more likely to be detected experimentally than other
modes, as it shows a maximum amplitude.

4. EXPERIMENT

4.1 Experimental Setup

In the experimental setup Fig. 6, a pulsed Nd:YAG laser
is used to generate ultrasound waves in the sample. The
generated surface acoustic waves propagate through the
interface of the PVC film and aluminum substrate and in-
teract with its elastic properties. The normal displacement
at the surface of the aluminum substrate is detected by a
laser interferometer with a filter of 4 MHz. Due to the
fact that the PVC layer is transparent, it is then possible to
generate elastic waves in the thermoelastic regime at the
interface of the sample.

4.2 Nature of Adhesion

It is well known that there are many causes of the adhesion
phenomenon. The PVC flexible film seems to naturally
adhere to smooth aluminum surfaces when external pres-
sure is applied. No specific deposition technique is used to
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Figure 6. Experimental setup.

make the PVC film stick to the aluminum substrate, lead-
ing to the assumption that the adhesive forces are due to
natural Van der Waals forces, as no other adhesive cause
is applied [1]. However, two levels of adhesion were ex-
amined: the first level occurred when the film is placed
on the substrate’s surface directly, and the second level is
achieved using a specific device.

4.3 Results and Discussion

Fig. 7 demonstrates the impact of increasing the level of
adhesion on the dispersion of the Rayleigh wave. These
signals correspond to the generation of Rayleigh waves at
the substrate’s surface, and detection at the surface after
the waves pass through the sample’s interface.

Figure 7. Effect of the adhesion level on the
Rayleigh wave propagation.

At the high adhesion level (2), the film is considered
in good contact with the substrate and homogeneous along
the axis of propagation at the interface, unlike the lower

adhesion level (1). Therefore, 251 signals are generated
along a 15 mm distance, separated by dx = 60 µm on
the interface of the sample. These signals are processed
using the 2D Fourier transform to obtain the wavenumber-
frequency diagram.

Figure 8. Wavenumber-frequency diagram of the ex-
perimental signals detected in the case of no film.

Fig. 8, shows the result of the wavenumber-frequency
diagram when Rayleigh wave is generated on the alu-
minum substrate without the PVC layer. No dis-
persion is detected and the velocity remains constant
(Vp ≈ 2900 m/s). Moreover, Fig. 9 shows the
fitting of the experimental data with the theory at
Kn = 5 × 1014 N/m3 and Kt = 4 × 1013 N/m3.
Since no adhesive layer or specific deposition technique
is used in the experiment, it can be concluded that the dis-
persion of the wavenumber into three distinct modes when
f ≤ 3.5 MHz, is due to the change in adhesion level.
Due to the 4 MHz low-pass filter used in the detection,
the amplitudes of the 4th and 5th modes are attenuated.

Figure 9. Wavenumber-frequency diagram of the ex-
perimental signals detected for adhesion level 2.
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5. CONCLUSION

In this paper, we have examined the effect of normal
and tangential stiffnesses on Rayleigh modes dispersion
curves, from weak adhesion with Lamb modes in the film
and no substrate influence, to strong adhesion resulting in
perfect contact dispersion curves in the loading case. Ad-
ditionally, the finite element method was used to study the
interaction of the Rayleigh wave with the material prop-
erties as it propagates through the interface, as well as the
ability to experimentally detect the modes based on the
modeled maximum amplitudes.

Two adhesion levels were then studied thanks to the
experimental setup. At the higher level, the film is consid-
ered in good contact with the substrate. However, the re-
sults indicated that the adhesion did not reach perfect con-
tact condition, as far as satisfactory results correspond to
values of Kn = 5×1014 N/m3 and Kt = 4×1013 N/m3.
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