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General Introduction

Studying thin films and their properties is important in nanotechnology due to their applications
in modern technologies. Some films are deposited on substrates to enhance material strength and
resistance to environmental factors such as corrosion and mechanical stresses. This thesis aims to
characterize the adhesion pattern generated from an electric field source and the interaction of sur-
face acoustic waves with different adhesion levels generated and detected by Laser-Ultrasonics as a
non-destructive non-contact testing method.

Adhesion refers to the capability of different materials to bond at their interfaces. The adhesion
quality of films to the substrate is an important factor that improves the durability of the devices.
Our study employs Laser-Ultrasonics to characterize the adhesion quality of a polyvinyl chloride
tilm adhered to an aluminum substrate. When using testing methods that involve elastic waves, it is
necessary to maintain a uniform thickness of the deposited layer due to the sensitivity of these waves
to the layer thickness variation. Therefore, the intermediate adhesive layer is avoided in this work.

Many theories describe the adhesion phenomenon which can be controlled by specific parameters
such as the temperature in diffusion, surface roughness in mechanical interlocking and voltage in
electro-adhesion. This latter is one of the methods used in many applications through an electro-
adhesive device made of electrode layers glued to the dielectric material. However, this could be
challenging in testing structures using ultrasonics due to the elastic parameters of the electrode layer,
its adhesive quality with the dielectric and its thickness that affects the elastic waves. Therefore, a
non-contact Electro-Adhesion (EA) pad consisting of sharp tip electrodes is used and can create a

potential difference between the tips and a conductor substrate. The electric field generated can



modify the adhesion between the dielectric layer and the substrate by controlling the voltage loaded
to the electrodes.

Different adhesion levels are obtained using this EA device and the highest level is considered of
a uniform adhesion strength according to the measurements. A frequency-doubled Nd:YAG pulsed
laser is used to generate elastic waves and a Mach-Zehnder heterodyne interferometer detects the
normal displacement on the substrate surface. Two configurations are considered for generating sur-
tace waves. The first one allows the surface wave to propagate along the interface, demonstrating the
impact of the adhesion levels for a constant propagation distance. The second configuration enables
the experimental acquisition of the structure dispersion curves by generating multiple surface waves
at the interface, facilitated by the transparent PVC film.

The effect of the theoretical adhesion parameters is important to optimize the adhesion quality
of coatings. Therefore, a program is developed to numerically solve the surface modes dispersion
relation. Moreover, the finite element method is necessary for our study to simulate the wave prop-
agation with theoretical expectations under varying adhesion conditions and is then modified to
model the resulting adhesion levels obtained experimentally.

The first chapter introduces chemical and physical vapor deposition techniques, along with the
theories of adhesion such as diffusion, chemical, mechanical interlocking, electrostatics, and Van der
Waal’s forces. Moreover, the differences between the destructive and non-destructive techniques
in characterizing adhesion with the state of the art of adhesion characterization. Additionally, it
explains the principles of generating elastic waves by laser pulse for linear sources and the interfer-
ometry mechanism for detecting the normal displacement signal. Finally, the elastic parameters of
the materials used in the experiments are presented.

After that, the second chapter shows the derivation of the dispersion relation of surface waves in
a multilayered structure. Indeed, it is necessary for adhesion strength estimation using ultrasounds
through inverse problem solving. It begins with the theory of elasticity and progresses to the so-
lutions for the propagation equations of bulk and surface acoustic waves in an isotropic medium.

This chapter focuses particularly on deriving the dispersion relations for Lamb waves and Rayleigh



waves, considering the influence of adhesion between the thin film and the substrate. This theoretical
model shows how variations in bonding strength affect the dispersion curves.

Then, the third chapter presents the finite element method developed to characterize the adhe-
sion pattern and to analyze the propagation and interaction of surface acoustic waves across the
film-substrate interface. The sensitivity of these waves to parameters such as film thickness and ad-
hesion strength can be analyzed through the model. Indeed, it can approach different studies such
as uniform and non-uniform adhesion interfaces, adhesion strength, thickness of the film and other
material properties.

The last chapter introduces the experimental setup of Laser-Ultrasonics used in the experiment
and discusses the challenges of generating different adhesion strengths from an electric field source.
Different adhesion levels are generated and their patterns are observed. The dispersion curves of
each adhesion level are obtained experimentally providing an analysis of the thin film behavior and
its interaction with the surface wave. The adhesion level for which the film is fully adhered to the
substrate is considered uniform and the inverse problem is solved to estimate the adhesion strength.
Therefore, the adhesion parameters obtained are included in the finite element model to investigate
the influence of the non-uniform adhesion interface on the propagation and the dispersion of surface

acoustic waves.



Chapter I

Adhesion in thin film technology and its

characterization methods

Introduction

The physical properties of solid-state materials change with their thickness. Thin films are con-
sidered when the thickness of the solid material is reduced to vary in the range of nanometers up
to a few micrometers deposited on a relatively semi-infinite substrate. They are used to strengthen
a structure and make it more resistant to corrosion or cracks. Thin films have already been used in
semiconductor devices, multilayer capacitors, computer chips and other technologies [1]. The high
sensitivity of thin films to external stresses makes them a useful applicant for sensors (temperature,
pressure, chemical measurements...).

In this chapter, we will present, in the first part, different deposition techniques. In the second, we
will discuss adhesion testing methods, focusing on ultrasonic methods and difficulties encountered
in characterization of adhesion phenomena according to the state of the art. In the third, the mech-
anisms of Laser-Ultrasonics are explained with the principles of generating and detecting Surface
Acoustic Wave (SAW). In the final part, we will show the physical characteristics of the materials

needed for this study.



Chapter 1. Adhesion in thin film technology and its characterization methods

1 Thin film coating characteristics

Acquiring a better coating quality lies in the characterization of the parameters that are responsible
for its high performance and lifetime prolong. This quality deals with thickness variations, porosities
or inclusions created during deposition, thermomechanical stress defects presented in the sample at
its creation (cracks, layer delaminations) as well as adhesion defects. Figure 1.1, illustrates different

types of defects for thin film deposition on a substrate.

Inclufions PorTsity Cracking Lamination
) O ) C ° /
Coating o ~_
Substrate Adhesion failure Adhesion defect

Figure I.1: A diagram illustrating the various types of defects that may be present in a thin layer [2].

Nanotechnology involves the use of nanoscale materials such as nanoparticles, nanotubes, nan-
oclusters and nanorobots. In thin film technology, thin layers of thickness in the scale of nanometers
to micrometers, are deposited on a substrate to enhance their surface properties and to include mod-

ifications [3]. Two types of thin film deposition processes can be used:

* Physical Vapor Deposition (PVD): This method uses the condensation of a vaporized material
typically created by an evaporation or a sputtering process. PVD processes can create a variety

of thin film materials such as metals, dielectrics and semiconductors.

¢ Chemical Vapor Deposition (CVD): This method implies a chemical reaction between a reactant
gas and a substrate surface. The reactant gas is created by the chemical decomposition of a
specific material. CVD processes can also be used for different coating materials such as metals,

dielectrics, semiconductors and polymers.
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1.1 Coating deposition by PVD

Three main PVD methods are presented in the following:

a) Thermal evaporation

It is one of the main methods of vacuum evaporation. The material to be evaporated is placed
in a vacuum chamber and heated. It is then deposited onto a substrate placed inside the vacuum
chamber. The substrate may be heated to facilitate the deposition process. Thermal vapor deposition
is a highly precise process that allows control over the thickness, composition and properties of the
deposited material due to the vacuum medium at low pressure and the rectilinear trajectory of the
particles of limited collisions. Figure 1.2 illustrates the thermal evaporation technique, with two

different sources leading to a flexible thickness control [2, 4, 5, 6].
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Figure 1.2: Thermal evaporation in a vacuum chamber with an extended source (a) and a point source

(b) [7].

b) Sputter deposition

In sputter deposition, the material to be vaporized is placed in a vacuum chamber and is subjected
to a high-energy ion beam. The ions collide with the material, causing its vaporization and deposit

onto a substrate.
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Power supply
(Negative voltage)
@ Material to be deposited @
. (Target or cathode)
L f : . Residual gas in plasma form . ’ .

(Electrons + ions)

Substrate holder + B> ﬁ £
Substrate (anode)

£ 4 :
-

Gas inlet Air Gas inlet Air
(a) (b)

Figure I.3: Sputtering in a vacuum chamber with the process using electric field (a) and process using
a magnetic field (b) [7].
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The sputtering target is located on the cathode side of the system while the substrate is attached
to the anode placed a few centimeters away from the cathode. To begin the process, the enclosure
is vacuumed and a specific amount of argon gas is introduced. An electrical voltage is then applied
between the two electrodes, as shown in figure 1.3 (a). If the voltage is strong enough, the atmosphere
becomes ionized and a glow discharge plasma is created. The positive ions in the residual gas are
attracted to the negatively charged target and collide with it at high speeds. These collisions and
transfer of momentum cause atoms from the target to be ejected, as well as secondary electrons that
sustain the plasma. These ejected atoms then condense on nearby surfaces and form the deposit [4,
6, 8].

The magnetron process, presented in figure 1.3 (b), has significantly improved this technique. In-
deed, the addition of the magnetic field causes the path of the electrons near the cathode to lengthen,
leading to a higher rate of ionization and a more efficient sputtering and deposition process. In this
case, the plasma is also confined closer to the target, resulting in a lower substrate temperature than

traditional sputtering [4].
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¢) Ionic deposition

The ionic deposition is often used in the production of electronic devices and other industrial
applications. The material to be deposited is vaporized and ionized using heat or plasma. The ions
are then attracted and deposited onto the substrate by an electric field. The process can be used to
deposit a wide range of materials, including metals, alloys and ceramics implying a high level of

purity and good adhesion to the substrate. Figure 1.4 illustrates the system of this technique.

Negative power supply
Cathode — - Substrate -
High voltage
+
Material for deposition— «— Gas
High intensit SRS

Figure I.4: System of ionic deposition [9].

During the ionic deposition process, the substrate is constantly bombarded with high-energy par-
ticles, which causes the deposited layer to be continually sputtered. This means that the deposition
rate must be high enough to compensate for the sputtering and to allow the film’s thickness to in-
crease. An ion gun is often used to bombard the negatively polarized substrate, which becomes the
target for positive ions from the plasma. If an evaporation source is placed near the system, the evap-
orated atoms will be deposited on the substrate. The source is typically bombarded with electrons to
achieve a high evaporation rate [9, 10].

The energy from the bombardment during ionic deposition can cause modifications to the de-
posited layer. These changes can improve the adhesion of the layer to the substrate and its compact-

ness through the density and the homogeneity of the layers.
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1.2 Coating deposition by CVD

Chemical vapor deposition processes are classified into dynamic and static methodologies.

a) Static CVD process

The static method involves a closed reaction chamber where gases remain contained during the
process. The component intended for coating is positioned inside a sealed chamber. It interacts with
a combination of a source material and a particular reactive agent [11]. This combination undergoes
a reaction when heated to a certain temperature, forming a gaseous compound essential for the
coating procedure. This method is particularly effective for depositing protective layers of materials
like chromium, aluminum or silicon onto steels and alloys, mainly to avoid corrosion and oxidation
at high temperatures. It offers the advantage of treating several substrates at once, although it might

not yield the highest purity in the resulting coated layer [4].

b) Dynamic CVD process

In the dynamic approach, the reaction chamber is kept open, allowing gases to be continuously
evacuated and replaced. The component intended for coating is converted into a gaseous state and
combined with a different gas, which acts as a catalyst for the chemical reaction. This reaction on the
surface material can be initiated through various methods such as heating, gas ionization via electric
discharge to create plasma, or exposure to light. As a result, a new layer forms on the surface as the
reactant gases combine, the deposit material transits to a solid state and the catalyzing gas remains
in its gaseous form. The resulting thin films are known for their strong adhesion, quick formation
and exceptional purity. However, the high temperatures of this method can cause deformations in

the sample and the process may involve the use of hazardous materials [4, 12].
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1.3 Deposition methods comparison

Each technique presents its own set of benefits and complexity related to specific applications.

CVD coatings are recognized for their good adhesion and purity. However, hazardous materials and

high operational temperatures are required. Conversely, PVD involves less risk in terms of harmful

materials and does not necessitate high temperatures but it may result in weaker adhesion between

the coating and the substrate [4, 5]. This comparison is summarized in table I.1.

Characteristic Evaporation Sputtering Ion plating CVvD
Thickness deposition rate | 0.1 to 100 ym/h | 0.01t00.1 ygm/h | 1to 100 yum/h | 0.1 to 100 um/h
Porosity Very low Very low Very low Very low
Adherence Moderate Good Very Good Very Good
Coverage ability Good to Low Good Good Good
Deposited materials Metals, alloys, | Metals, alloys, | Metals, alloys, | Metals, alloys,
ceramics ceramics ceramics ceramics
Covered materials Metals, alloys, | Metals, alloys, | Metals, alloys, | Chemically &
plastics plastics plastics thermally resis-
tant materials.
Deposition environment | 107! to | 1071 to | 1073 to | < atmospheric
10~7 Torr 103 Torr 10~° Torr pressure
Treatment temperature Low 100-150 °C 100-150 °C 600-1400 °C
Coating purity Very high (if < | Increases with | Gases used may | Generally very
10~ Torr) lower pressure | be included | pure
with the coating

Table I.1: Comparative overview of PVD and CVD deposition processes [4].
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2 Adhesion theories and its characterization techniques

In thin film technology, adhesion consists in bonding two surfaces together. The film adhesion to
the substrate is essential for ensuring the reliable performance of the device. Common techniques
used to improve adhesion include chemical treatment of the substrate, chemical or physical surface

modification of the film and the use of adhesion promoters and bonding agents.

2.1 Theories of adhesion

Adhesion is an interfacial phenomenon caused by inter-molecular interactions of dissimilar molec-
ules at the adherend-adherate interface. When two materials adhere to each other, the thinner one
is called the adherate (the film) and the thicker one is the adherend (the substrate) [13]. Adhesion
phenomena are due to plenty of factors that can be described by several theories in physics and

chemistry [14]:

a) Mechanical interlocking

This theory depends on the roughness of the substrate, more roughness degree gives more bonded
area that leads to a better adhesion strength. However, the increase of roughness may lead to a weak
adhesion due to the creation of some voids causing uncoated areas, hence this theory needs to have

an intimated contact between the film and the substrate [14].

b) Diffusion

This method diffuses the adherate into the adherend by raising the temperature. Such method is
mainly applied to polymeric adhering systems and not to rigid solids like metals or glass due to their

high melting temperature condition [14].

11
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¢) Chemical adhesion

These adhering systems undergo a chemical reaction at the interface to form chemical bonds.
According to Lewis’s theory, a chemical bond involves sharing or transfer of electrons to attain stable
electron configurations for the bonding atoms. If the electrons are transferred, the bond is ionic. If

they are shared, the bond is covalent [14, 15].

d) Electrostatic adhesion

When two dissimilar conducting surfaces face each other at a very small distance, an electrostatic
force is created by applying a potential difference between both surfaces and the system can be

compared to a capacitor [14].

e) Van der Waals forces

The main characteristic differentiating these forces is the type of interaction that gives rise to them:
Keesom forces result from the interaction between permanent dipoles, London dispersion forces
arise from the fluctuating dipole moments of all atoms and molecules and Debye forces are the result

of the interaction between induced and permanent dipoles [16].

- Keesom forces:

Also known as Keesom interactions, they are attractive or repulsive forces that exist between
molecules that have permanent dipoles. These forces are named after the Dutch physicist
Willem Hendrik Keesom, who first described them in the early 20th century. Keesom forces

are relatively weak compared to other intermolecular forces.

- Debye (permanent-induced dipoles) force:

Also known as the Debye-Hiickel force, it is an attractive or repulsive force that exists between
charged particles in a solution. This force is the result of the interaction between the induced
dipole moment of one particle and the permanent dipole moment of another one. It is named

after the Dutch physicist Peter Debye, who first described it in the early 20th century. The

12
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strength of the Debye force depends on the magnitude of the dipole moments of the interacting

particles and the distance between them.

- London dispersion forces (fluctuating dipole-induced dipole interaction):

These are attractive forces that exist between all atoms and molecules. They are the result of the
fluctuating dipole moments that occur due to the movement of electrons. London dispersion
forces are important because they are present in all types of matter. They are responsible for
the behavior of non-polar molecules, which do not have a permanent dipole moment but can

still experience London dispersion forces.

Adhesion characterization is the process of evaluating the strength and durability of the bond be-
tween two layers. It can be done through a variety of methods, either destructive or non-destructive.

In the following sections, we will present both method types.

2.2 Adhesion evaluation by Destructive Testing (DT)

Destructive Testing (DT) techniques are methods that physically damage the samples. In adhesion
evaluation, these techniques result in breaking the bond between two materials by applying a force

to the bond until it fails and measuring this force. Examples mentioned below are found in [17]:

a) Scratching test

Scratching the surface of a material allows one to measure the force needed to cause the bond to
fail, using a stylus to apply a load on the film while moving it relative to the substrate. The load on
the stylus is gradually increased until the film is separated from the substrate. The load at which this

separation occurs is referred to as the critical load and indicates the adhesion strength of the film.

b) Peeling test

It consists in peeling a material apart in a parallel direction to the surface and measuring the

adhesive strength by adding a certain mass of water to a graduated cylinder connected to one side

13
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of a balance. The other side of the balance has the tape or film being tested. As the mass of water
is increased, the point at which the adhesive bond between the tape/film and the substrate fails is
determined. This test is limited to measuring the adhesive strength of the tape or film, which must

be stronger than the bond between the film and the substrate.

c) Pulling or tensile test

It consists in pulling a material apart in the perpendicular direction to the surface. It is a method
of measuring adhesive strength by using cylindrical steel studs that are glued to the film while the
sample is mounted under an electronic force gauge. This method is used as a way to control the

applied force to measure the force that caused the failure.

2.3 Adhesion Non-Destructive Testing (NDT) using ultrasonic methods

In the context of adhesion characterization, Non-Destructive Testing (NDT) approaches focus on
evaluating the quality of the bond between materials through indirect measurements. Many studies
have reported the use of ultrasonics NDT to characterize various parameters associated with adhe-

sion. Usually, these techniques use the following methods [18]:

a) Resonant-Ultrasound Spectroscopy

It is based on the measurement of the resonant frequency of a material. By measuring this fre-
quency and comparing it to the material’s known properties, it is possible to determine some me-

chanical properties such as elastic modulus and Poisson’s ratio [19].

b) Reflection and transmission coefficients of bulk waves

The contact conditions at the interface greatly affect wave reflection and transmission between
two materials. Hence, this is a good technique for measuring adhesion. However, it only allows for

local testing of the samples and requires exact positioning of the transmitter-receiver pair.

14
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Acoustic microscopy uses high-frequency ultrasonic transducers to direct bulk waves toward the
material interface, where receivers are positioned to capture either reflected or transmitted waves,
depending on the measurement setup [20, 21]. Reflection and transmission coefficients can be cal-
culated by examining these waves” amplitude and phase characteristics. Similar measurements are
made using laser-generated ultrasonic waves in Laser-Ultrasonics, providing detailed information

about adhesion quality. High reflection coefficients could imply poor adhesion [22, 23].

¢) Surface and guided waves propagation analysis

Itis a crucial technique for adhesion measurements, as it allows the examination of relatively large
areas. By analyzing the dispersion curves of guided or surface acoustic waves, which are sensitive
to the properties of the material, it is possible to characterize the adhesion at the interface [5].

Indeed, all these previous ultrasonic methods are powerful in the characterization of adhesion.
The basic principle behind ultrasonics is analyzing the frequency, amplitude and phase of the re-
flected or transmitted ultrasound waves that propagate through a material. For adhesion character-
ization, ultrasonics can be used to evaluate the strength of the bond between a film and a substrate,
as well as the presence of defects at the interface. In this section, we will focus on the state-of-the-art

techniques of ultrasonics and Laser-Ultrasonics for the characterization of adhesion.

2.4 State of the art of studying adhesion by ultrasonics

To characterize the adhesion between a coating and a substrate, either a transducer or a laser can
be used to generate SAW that propagate along the surface of the film. The wave propagation is

sensitive to the mechanical properties and the adhesion of the film to the substrate.

2.4.1 Ultrasonic waves generated and detected by piezoelectric transducers

According to the study of Puthillath and Rose, the Lamb modes would be a good determination
for poor adhesion by detecting the large in-plane displacement at the interface [24]. In their experi-

mental setup, the 18th mode of Lamb was found to be the most suitable. It was then generated and
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observed after being passed through an area with various levels such as good adhesion, mediocre
adhesion with the addition of Teflon and total detachment through the introduction of an air bubble.
The weaker is the grip, the lower is the received wave’s amplitude, as it more strongly attenuates the
highest frequencies.

In a study conducted by Bourse et al. four different coating thicknesses were tested, each with
a unique adhesion defect [21]. The roughness of the substrate was varied locally to create these
defects. The "V(z)" method was used to determine the reflection and transmission coefficients of
the longitudinal and shear waves by analyzing the acoustic signature. The reflection coefficient was
calculated using the displacement jumps model, taking into consideration the angle of incidence and
the wave frequency in order to determine the value of the tangential interface stiffness K; (assuming
the influence of the interface normal stiffness K, was insignificant). The results were then verified
through destructive indentation tests, which showed that the value of K; was lower in cases of poor
adhesion and that the quality of the interface was related to the roughness of the substrate.

In their evaluation of metallic thin film interface adhesion, Juarez et al. utilized picosecond acous-
tics [25]. They created fingerprints on various substrates and deposited layers of nickel through
sputtering or evaporation. The fingerprints were considered as contaminants to the surface and were
expected to result in weaker adhesion. The acoustic cartography revealed that the contaminated ar-
eas had higher reflection coefficients, which corresponded well with the shape of the fingerprints.

Choi et al. worked on evaluating the adhesion strength of a titanium layer on a silicon substrate
using surface acoustic wave dispersion [26]. They used the Thomson-Haskell transfer matrix model
to theoretically observe the influence of adhesion strength on the dispersion curves of surface acous-
tic waves depending on the tangential and normal stiffnesses K; and K, respectively. They had 5
different levels of adhesion strengths, modifying the DC power from 28.8 W to 144 W during the
magnetron sputtering deposition. Scanning electron microscopy measured the error of the titanium
uniform thickness that was about 4.5 % with respect to 600 nm. Ultra-high frequency scanning acous-
tic microscope by V (z) method was employed to measure the SAW velocity of each sample and a

scratch test was used to measure the critical load. Finally, the results satisfied the dispersion curves
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according to the measured velocity values and then linked the K;; and K; to the critical load.

2.4.2 Ultrasonic waves generated and detected by lasers

The study by Xiao et al. focuses on the adhesion of a thin film on a substrate system. They use
a combination of laser-generated surface acoustic waves and piezoelectric transducers to detect the
signals and obtain the dispersion curve of a Rayleigh mode [27, 28]. The results are then compared
with theoretical calculations based on the Cohesive Zone Model, which determines the maximum
stress applied to the interface before an adhesive failure occurs. The normal stiffness at the interface
is expressed as K, = ‘g—’:, where 0, is the maximum normal stress and J, the distance between the
layer and the substrate. The results show that the adhesion value of the porous film is lower than
that of the dense film and that the waves propagating on the porous film are slower and of lower
amplitude.

Schneider et al. conducted research on the effect of adhesion on the propagation of surface acous-
tic waves in thin films of titanium nitride deposited on a steel substrate [29, 30]. To manipulate the
adhesion of the films, the substrate was cleaned for varying durations of time prior to the film depo-
sition by sputtering. Samples cleaned for a longer period were considered to have good adhesion,
while the others were considered to have poor one, which was confirmed through destructive tests.
The results showed that the phase velocity of the Rayleigh mode generated in the structure was
slightly impacted by the cleaning time of the substrate, with longer cleaning time resulting in higher
velocity, or a “stiffening” configuration. However, an increase in layer thickness had a greater effect
on the dispersion curves, similar to increasing the substrate cleaning time. The authors attributed
this to micro-defects within the film that affect its adhesion and, consequently, its Young’s modulus.
They also found that a shorter substrate cleaning time led to a lower Young’s modulus.

The research conducted by Cho et al. investigated the quality impact of the weld joint between
a steel sheet and a carbon steel sheet on the spread of Rayleigh modes in the structure [31]. To
simulate various levels of adhesion, samples were created with varying weld quality. As it decreased

(and thus the adhesion), the initial Rayleigh mode in the structure showed an increasing tendency
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towards the Lamb mode in the steel sheet. The experimental results showed a trend consistent with
the analytical model of displacement jumps when adhesion decreased.

In their study, Wu and Chen examined the effect of a separated zone in a copper plate—epoxy—alum-
inum block assembly on the surface and guided waves’ propagation [32]. When the generation and
detection are performed in the bonded zone, the waves measured correspond to the Rayleigh modes
in the three-layer structure. They found that ignoring the thickness of the adhesive leads to a large
discrepancy between the experimental and analytical dispersion curves, demonstrating the signifi-
cant impact the glue thickness has on the propagation of surface acoustic waves. When the gener-
ation and detection took place in the separated zone, the signals corresponded to the Lamb waves
(mode Ap) in the copper plate. By alternating between generating in a stuck zone and detecting in
an unglued zone or vice versa, Wu and Chen obtained signals with group velocity dispersion curves
between those of the Lamb modes in the copper layer and those of the Rayleigh modes in the copper-
epoxy-aluminum structure. They then proposed a theoretical model to calculate the group speed of
the wave, which is dependent on the path taken by the wave in the separated or glued zone. The
predictions of the model align well with the experimental results.

In Bruno’s thesis, the focus was on determining the features of the adhesive joint and the adhe-
sion strength of a bonded structure by analyzing the Lamb modes with zero group velocity [33].
The findings suggest template—epoxy—aluminum assembly can be determined by analyzing the fre-
quency shift of the zero-speed modes with an understanding of the mechanical properties of the
adhesive, particularly its thickness profile. By doing so, the stiffnesses of K, and K; can be retrieved.

Zhang and Zhou determined the location of a complete separation, caused by a lack of bonding,
in a lead-epoxy-steel structure by analyzing the magnitude of particle displacement caused by Lamb
waves [34]. They noted that the amplitude of the detected displacement was higher when the wave
travelled for an extended period over a detached portion of the sample.

Zhang, Li and Zhou, proposed the ultrasonic technique with pulse-echo mode for accurate de-
tection of disbonds in multi-layer bonded structures [35]. The research involves analyzing the char-

acteristics of Laser-Ultrasonics reflected waves and the interaction of the waves with disbonds in
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adhesive bonds. The experiments conducted verify the theoretical results and Laser-Ultrasonics C-
scans based on reflected shear waves were used to identify the profiles of disbonds. A quantitative
method based on relative sensitivity was proposed to evaluate the sizes of disbonds and the results
obtained were in good agreement with the actual values. The combination of Laser-Ultrasonics C-
scans based on reflected shear waves and the quantitative method allows for on-line and accurate
inspection of disbonds in multi-layer metal bonded composites.

The study of Kowalczyk et al. aimed to determine the correlation between the strength of adhesive
joints made with additive technology and ultrasonic wave parameters [36]. The study suggests that
additive manufacturing technologies offer cost-effective opportunities for manufacturing complex
geometries and further research on ultrasonic wave propagation in adhesive joints with different
properties would extend the database of results for assessing joint strength without damage.

Kanamori et al. used the Laser Shock Adhesion Test (LaSAT) to evaluate the adhesion strength
and durability of a Ni-P coating on a carbon steel substrate [37]. The effects of post-heat treatment on
adhesion were investigated. It was found that heat treatment improved hardness, adhesion strength
and durability of the coating. The LaSAT was shown to be a useful method for quick measurement
of adhesion durability and could shed light on quality control of surface coatings. Overall, the study
suggests that LaSAT is a valuable tool for evaluating the adhesion of coatings and may be useful in
developing better ones.

In her study, Fourez observed that as the laser’s incident energy gradually increased, staying
within the thermoelastic regime, the amplitude of the initial Rayleigh mode traveling on a weakly
attached layer was lower than when the layer was strongly attached [4]. Additionally, the ablation
threshold for the layer was lower in cases of poor adhesion. This was brought about by removing the
chromium adhesion layer, which had a negligible thickness, located between a gold layer and silicon
substrate when adhesion was strong.

In another study, Robin employed an Nd:YAG laser doubled in frequency to generate elastic
waves and an interferometer to detect SAW [5]. He used three different patterns to apply Teflon

molecules as an antiadhesive and found that a larger Teflon surface resulted in weaker adhesion.
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The adhesion measurement was conducted using signal processing methods of Wigner-Ville distri-
bution through the detection of dispersive Rayleigh waves at different adhesion levels.

In this Ph.D. we aim to study the Electro-Adhesion (EA) effect generated from a specific device
using surface acoustic waves generated by an Nd:YAG laser doubled in frequency and detected by
a Mach Zhender heterodyne interferometer. In the following section, the mechanism of the electro-

adhesion is introduced.

2.5 Mechanism of electro-adhesive pads

Electro-adhesion is used to improve the adhesion quality between two materials [38]. A strong
electric field is created between two electrodes within an EA pad when a high voltage, usually rang-
ing from 1 to 6 kV, is applied to generate electrostatic forces that enhance the interface quality be-

tween both surfaces [39]. Figure 1.5 illustrates the mechanism of the electro-adhesion.
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Figure 1.5: Schematic representation of EA pads mechanism (a) [40] and its corresponding response
versus time (b) [39].

If an insulating surface enters the range of the applied electric field, it results in the orientation and
electrical polarization of the insulating material, causing an attraction between the charges within
the induced dipoles. The buildup of the force takes a finite amount of time, which depends on the
electric properties of the material and the magnitude of the applied potential. Similarly, the decay of

the adhesive force also takes a finite amount of time, ranging from seconds to hours, depending on
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the type of materials and their interface conditions. This build-up and decay time can significantly

impact the adhesion/de-adhesion cycle [41, 42].

2.6 Constraints of electro-adhesion

Although EA has many useful applications in robotics and electronics, it is important to note that
there are limitations to consider for its measurement. These constraints may vary depending on
the specific application and the electric characteristics of the material. However, these are the main

challenges associated to this technology [39, 43, 44]:

* EA technology complexity and high cost, especially for large-scale applications,
¢ Inability to adhere to specific surfaces,
¢ Low and unstable adhesive force,

* High voltage requirements inducing health and safety risks if used on living organisms.

2.7 Aim of the thesis

Due to the sensitivity of the SAW to the thickness of the thin film, a non-contact EA device is used.
Studies are performed on materials based on their EA response regarding the influence on surface
acoustic wave propagation. The aim is to obtain several adhesion levels to evaluate the adhesion
quality and model their impact on the Rayleigh wave by the finite element method.

The main objective of this work lies in the ability to obtain different adhesion levels using an
electro-adhesion technique. Then, we aim to characterize these levels and their influence on the prop-

agation of surface acoustic waves using Laser-Ultrasonics as a non-destructive testing technique.

3 Laser-Ultrasonics

The Laser-Ultrasonics method involves using a pulsed laser to generate acoustic waves and a

continuous-wave (CW) laser interferometer for their detection. It can produce surface and bulk
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waves in solid materials. The type of wave observed depends on the detection technique.

3.1 Pulsed laser mechanism

Various types of lasers have different amplifying mediums, including gaseous, solid-state and
semiconductor lasers. Semiconductor lasers are unsuitable for ultrasonic applications due to their
shorter coherence lengths, less well-collimated beams and lower power than gas or solid-state lasers

[45]. Figure 1.6 illustrates the basic operating principle of a laser amplifier.

<€---p Amplifying medium 4 ---p

Amplified light due to multiple reflections

Mirror with perfect reflection Mirror with partial reflection

Figure 1.6: Mechanism of the light amplification in a laser [46].

Photons generated from connected flashing lamps are redirected through a network of mirrors
toward the amplifying medium, facilitating the pumping process. One of the mirrors is partially
reflective, allowing the amplified light to escape as a laser beam. To generate this latter, the photons
must be coherent and directed in the stimulating medium using the mirrors. As light bounces in
random directions inside the cavity, the photons not aligned with the desired direction are absorbed
by opaque walls [46].

Increasing the cavity losses to achieve a high laser oscillation initiation threshold generates a laser
beam in the pulsed mode. This is accomplished by temporarily masking one of the cavity mirrors
with an optical gate, allowing a significant population inversion without oscillation. When pumping
reaches an adequate level, the gate opens and the laser beam initiates within a few passes through the

cavity. This results in a powerful short pulse, typically in the order of tens of nanoseconds, enabling
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high peak powers (exceeding 1 MW). The laser wavelength selection is based on the material’s

absorptivity at the intended frequency [4, 47]. Table 1.2 presents some types of pulsed lasers.

Active Medium Wavelengths (ym) Pulse Duration | Repetition Rate (Hz) | Energy (J)
Argon-Fluor 0.193 55ns-25ns < 500 < 0.6
Ruby 0.694 15ns -3 ms < 120 < 400
Krypton-Fluor 0.248 30 ps —200 ns < 500 <15
CO, 10.6 6 ns — 1100 us <104 < 2200
Nd:YAG 1.06, 0.532*, 0.355%, 0.266" | 30 ps —20 ms < 5x 10 < 150

*: Harmonic frequencies of the fundamental frequency.

Table 1.2: Characteristics of pulsed lasers used for ultrasound generation [45].

Moreover, the laser pulse duration is a critical parameter in ultrasonic wave generation. The
Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) and Carbon Dioxide (CO,) lasers cover a
broad frequency spectrum and are among the most commonly used sources. The next section will

briefly explain the generation of acoustic waves by a laser pulse [47].

3.2 Generating acoustic waves by laser on solid structure

In the pulsed laser mode, energy can be emitted in a single pulse or as series of repetitive pulses.
These short-duration laser pulses induce a localized temperature increase in the structure, leading to
laser-material interaction phenomena responsible for generating elastic waves.

The absorption of laser radiation is limited to a certain thickness é of the material called the skin
depth, defined by equation 1.1. This thickness depends on the electrical and magnetic properties of

the material as well as the wavelength of the generation laser [48].

1/2
5= <_A0 ) (L)
oY
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Where Ag: Wavelength of the laser, o: Electrical conductivity of the material, c: Speed of light in
vacuum and p: Magnetic permeability of the material. Equation 1.2 presents the absorption coeffi-

cient A [47, 48]:

I, - 1/2
=1 =4 (s 42

Where p is the magnetic permeability of the vacuum. The absorption coefficient, inversely pro-
portional to the wavelength, is defined by the ratio of the absorbed intensity I, over the incident
optical intensity I;. For an Aluminum (Al) sample and a laser wavelength of 532 nm, the skin depth
is 3.4 nm and the absorption coefficient is around 8%.

An incident laser beam on a solid material generates ultrasonic waves either by the thermoelastic
or the ablation regime. In general, each material has an ablation threshold corresponding to an ab-
sorbed power density depending on the material’s characteristics and the duration of the generated

laser pulse. The ablation threshold is defined by equation 1.3 [45, 47, 48].

_(mKepeC\Eo o
Is—( o ) (T, —T) (13)

Where K: Thermal conductivity, p: Density, C: Specific heat capacity, At: Laser pulse duration, T,
and T;: Vaporization and initial temperature. In the case of an aluminum sample and for a pulsed
laser with a duration At = 10 ns, the ablation threshold is Is = 50 MW/ cm?.

For an absorbed power density lower than the threshold value (I, < Is), ultrasonic waves are
generated in the thermoelastic mode. This regime does not deform or affect the material and it
allows more efficient generation of surface acoustic waves, as presented in figure I.7. In thermoelastic
mode, laser radiation penetrates the skin depth of the material and produces localized heating which

induces thermal expansion of the sample and the generation of stresses.
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Laser pulse

—>Thermal affected zone

Tangential stresses
|

-« —_— '*'

4

Generated forces
due to thermal expansion

Figure 1.7: Thermoelastic regime.

In contrast, for an absorbed power density greater than the threshold value (I, > Is), ultrasonic
waves are generated in the ablation mode, at which some particles are vaporized and ejected from

the material surface as illustrated in figure 1.8.

Laser pulse

Ejected material —>Thermal affected zone

TN

Normal stresses
I

&

Generated forces
due to thermal expansion

Figure 1.8: Ablation regime.

This regime is produced by a momentum transfer phenomenon with forces directed predomi-
nantly toward the interior of the material causing degradation and deformation of the material. It is
also possible to deposit an absorbing layer on the surface of the sample to be inspected to generate

ultrasonic waves in ablation mode without damaging the material.
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3.3 Acoustic wave detection methods

There are two categories of optical detection techniques:

¢ Non-interferometric methods that depend on the reflection of the incident laser beam as the
surface acoustic wave passes. For example, the phase grating technique and the knife-edge
technique are commonly used [45]. These methods are relatively precise and straightforward
to implement, but they are highly sensitive to the surface condition of the sample, which must

be as reflective and polished as possible [49, 50].

¢ Interferometric methods that depend on the interferences generated between multiple coherent

waves interacting with each other [4].

Interferometry is based on the concept of superimposing light waves to analyze differences in
their paths. Essentially, it splits a single light beam in two: one corresponds to a reference while the
other interacts with the sample. The interference pattern of these two beams is analyzed to measure
changes in the distance of the sample surface.

Interferometric devices are classified into two main types. In a homodyne interferometer, the de-
tection is based on the interaction between a probe beam and a reference beam, both oscillating at the
same frequency. On the other hand, heterodyne interferometry is known by employing two beams
that oscillate at different frequencies, maintaining a constant difference. The process of heterodyning
is characterized by adjusting the frequency of one or both of these beams to facilitate the analysis of

the interference patterns produced [4, 11, 51, 52].

3.3.1 Heterodyne interferometry

Figure 1.9 illustrates the principle of the heterodyne interferometer that D. ROYER and E. DIEULE-
SAINT developed [47]. This system features a compact and asymmetric structure of the Mach-

Zehnder type which is used in this thesis.
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Dove prism
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" Analyser
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Figure 1.9: Principle of heterodyne interferometry [53].

The horizontally polarized source beam of frequency f is split using a cube (or prism) Beam
Splitter (BS) into a reference beam (R) and a probe beam (S). The reference beam is then directed
through a Dove prism towards a polarization beam splitter Polarization Beam Splitter (PBS). This
cube is designed to almost completely transmit a horizontally polarized beam and reflect a vertically
polarized beam. Thus, the reference beam continues its path towards the photodetector [4].

The probe beam, on the other hand, is frequency-shifted by 70 MHz through an Acousto-Optic
Modulator (AOM) and is in turn transmitted by the PBS [54]. Its polarization becomes circular when
passing through the quarter-wave plate (%) before being focused by a lens on the vibrating surface of
the sample. Thus, it interacts with the acoustic wave of frequency f; propagating at the surface and
undergoes phase modulation. Moreover, its polarization is reversed on its second passage through
the quarter-wave plate and becomes vertical. Hence, the beam is then reflected toward the photode-
tector. After the PBS, the probe beam and the reference beam, having different polarizations cannot
interfere. Therefore, an analyzer oriented at an angle of 7 to the incident polarizations, is used to al-
low them to interfere. The beam obtained on the photodetector consequently corresponds to the sum
of the projections along the axis of the analyzer [4, 47]. Since the polarizations are orthogonal, the
components of each beam cancel out to leave only the components of the probe beam. The normal

displacement of the acoustic wave is known as:
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u(t) = A-cos(2nfst + ) (1.4)

Where A, ® and f; are the amplitude, the phase and the frequency of the surface acoustic wave
respectively. Moreover, the phase shift of the reflected laser probe beam from the surface of the

sample is written as a function of u(t) with k = 27”, the wavenumber of the beam:

Agpp = 2ku(t) (1.5)

The useful information is thus contained in the form of phase modulation. The interference of the
probe and reference beams on the photodetector generates frequency components fp and fg & f;. An
electronic signal processing device is present at the output of the photodiode to provide an electrical
signal directly proportional to the normal displacement of the sample. For this, a part of the current
is taken, filtered at the frequency fp and phase-shifted by 7, thus recombined with the non-taken

part. The two output currents from the photodetector can be expressed as [11, 47, 55]:

I (1) o cos(27 ft + Agpr + %T) (1.6)
I)(t) o cos(27 fpt + Appr + App) (1.7)

where Appr = @p — g corresponds to the phase difference between the probe beam ¢p and the

reference beam ¢g. Finally, the current at the output of the multiplier is written as:

IM(t) = Il(t) . Iz(t)  sin (Aq)p) + sin (2(27’[th + A(ppR)) + Aq)p (1.8)

Then the signal passes through a low-pass filter to remove the 47t fg component. For the SH-140
interferometer, with its detection depending on the filter’s cutoff frequency, the signal Ij((t), when
acoustic displacement is small compared to the wavelength of the probe beam, simplifies to [4, 11,

47, 55]:
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Ip(t) o< 2kA - cos(27tfst + D) (1.9)

The final electrical signal is thus directly proportional to the normal displacement of the surface of
the sample. This technique is very effective for flat and polished surfaces. However, its performance
is reduced when the surface of the structure is rough. Indeed, if a rough material reflects the probe

beam, it will present a deformed wavefront and the sensitivity will decrease [55].

3.3.2 Holographic interferometry

D. Gabor discovered the principle of holography in 1947, it is based on interference and diffraction
phenomena [56]. In the 1960s, K. A. Stetson, R. L. Powell, along with other investigators, contributed
significantly in the development of holographic interferometry [57]. The subject has been studied
particularly for its use in non-contact/non-destructive testing processes that enable the measurement
of surface displacements.

The process starts with holographic recording of an interference pattern onto a two-dimensional
medium. It develops a network of fringes resulting from interference between two laser beams: ref-
erence beam and probe beam diffracted by the object. This medium where this interference pattern
is stored is known as a hologram. During the reconstruction phase (the second phase), this repli-
cated hologram gets illuminated by using the same reference beam that was positioned during the
recording stage and thereby images of the object are restored. Interference patterns observed indi-
cate displacements measured at submillimeter scales on objects [4, 55]. In order to calculate such
displacements, these observed interferences can be measured accurately only if they are used and
they do not require any calibration.

The kinds of holographic interferometry include the following instances [55, 58, 59]:

- Hologram: Recording is done with the object at rest. The reference beam illuminates the same
hologram during reconstruction. The interferences in such images show changes in real-time

between the present condition of an object and its still state.
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- Digital Holography Vibrometry: Successive holograms are made for a vibrating body. Each

recording’s time interval is set but different from that of the vibration of an object.

Some devices which detect ultrasonic waves operate on principles of holographic interferometry.
These have a dynamic hologram recorded in a photorefractive crystal as depicted in figure 1.10. The

interference pattern is caused by the interaction between the probe beam and the reference beam [4,

60, 61].
Ultrasound .
or vibration Photorefractive
\ crystal
— 1
Electro-optic
phase modulator
laser on pump beam 00D camera

Figure 1.10: Principle of holographic interferometry in ultrasonic vibration detection [61].

3.4 Directivity diagrams of Rayleigh waves for a linear source

Directivity diagrams provide an understanding of how a source emits energy across different
directions. They enable the generation of acoustic waves at specific frequencies and the focusing of
acoustic energy within precise regions of a sample [5, 53]. Rose used Green’s function to derive the
particle displacement equations associated with the "Surface Center Of Expansion" model in the case
of a point source for longitudinal and shear waves for thermoelastic generation [62].

When generating ultrasonic waves in a thermoelastic regime, the shape of the laser is necessary for
the directivity and amplitude of the resultant acoustic waves. The propagation of Rayleigh modes
from a point laser source causes the energy associated with the surface acoustic wave to be dis-
tributed uniformly around the source [63]. However, the generated Rayleigh wave has a low am-

plitude due to the acoustic energy distributed in all directions from the circular source, leading to
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weaker signals detected at any specific position. In this section, we will present these diagrams in
the case of a linear source.

To concentrate the acoustic energy and enhance the amplitude of the signals, a cylindrical lens
can be applied to focus the laser pulse, giving the beam a linear geometry that results in more di-
rected surface acoustic waves propagating in a coherent direction [64]. Equation 1.10 expresses the

directivity function of Rayleigh waves for a linear laser source in a thermoelastic regime [64].

sin (Z—;f sin(9)>

nlf ’

Dr(8) = TIF gin )

(1.10)

Where [ is the length of the thermoelastic linear source, 0 is the angle relative to the normal to the
line source, f is the frequency of the surface acoustic wave and cr the velocity of the Rayleigh wave
in the given material.

Figure 1.11 shows the directivity diagrams of the Rayleigh wave for several line source lengths
(1 mm, 3 mm and 6 mm), for a Rayleigh wave velocity in aluminum of ckg = 2844 m/s and a fre-
quency of f = 2 MHz. The diagrams demonstrate that the longer the line source, the more directive

the Rayleigh wave becomes.

(@) I =1mm (b) I =3 mm (¢) I =6 mm

Figure 1.11: Directivity diagrams of Rayleigh waves for a linear source on an aluminum substrate for
different lengths: (a) /| = 1 mm, (b) / = 3 mm and (c) / = 6 mm.
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4 Characteristics of the materials

This section outlines the essential material properties relevant to this thesis. Characterization
of the substrate properties is based on direct measurements. However, the properties of the film
are derived from existing literature, that is due to the film’s flexible composition and microscale

dimensions.

4.1 Measurements and uncertainty method

The square-shaped aluminum block has a width and length of 9.8 £ 0.05 cm and a height of
44 + 0.05 cm. The block’s mass 1.232 kg is determined using a balance with an accuracy of £ 1 g.
This yields a calculated density of p = 2915+ 39 kg/m°.

The uncertainty is calculated using the fundamental principles. This approach is used in the field
of experimental physics and is useful in determining the uncertainties in derived quantities based
on the uncertainties in the measured quantities. According to Bevington and Robinson [65], the

propagation of uncertainty for a function f of several variables x1, x2, ..., x; is expressed as:

2 2 3 2
of = \/(%%) + (%”x2> ...+ (E)J{na"”) (1.11)

The uncertainty of the volume is calculated using equation 1.11 as follows:

oy = V\/(%)2 + (Zu—w)z + (%)2 — 57 %106 m’

where [, w and & are the length, width and height, 07, 0, and o3, are their corresponding uncertain-

ties respectively. The uncertainty of the mass is 0, = 0.001 kg. Therefore 0} is calculated by:

o=y ()7 () =g/
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4.2 Measurement of the longitudinal wave velocity

To determine the velocity of longitudinal waves ¢, a piezoelectric probe with a frequency of 5 MHz
is used. This probe generates longitudinal waves that travel through the aluminum substrate along
its height (4.4 cm). Upon reaching the substrate’s bottom, these waves reflect to the surface, where the
same probe detects their reflection. We can calculate the wave’s propagation velocity by calculating
the duration it takes for the longitudinal wave to travel the substrate’s length twice. A smoothed
version of the noisy measured signals is presented. Figure 1.12 displays the detected signals: the
tirst (a) corresponds to the longitudinal wave used as a reference and the second (b) is its reflection
following a single round trip.

1

—Original Signal
—Smoothed Signal

Normalized Amplitude

141 142 143 144 145 146 147 148 149
Time (us)

(a) Reference longitudinal wave detected.

—Original Signal
—Smoothed Signal

Normalized Amplitude

28.1 282 283 284 285 28,6 287 288 289 29
Time (us)

(b) Second reflection of the signal.

Figure 1.12: Single round trip of the longitudinal wave traveling through the length of the substrate.

The longitudinal wave velocity v is givenby v = %, where i is the height of the block and At is the

time difference for the round trip. Given h = 4.4 cm, At = 14.02 us, and uncertainties 0;, = 0.05 cm
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and o; = 0.05 us, the velocity is calculated as v ~ 6276 m/s. Using the uncertainties formula, ¢, =

(%) + (%)?, and substituting the values, we get 0, = 6276+/(0.01136)% + (0.00357)2 ~ 75 m/s.

Therefore, the longitudinal wave velocity is v = 6276 &= 75 m/s.

4.3 Measurement of the shear wave velocity

Similar to the previous measurements, a 5 MHz probe, designed for shear waves, is used. A single
round trip along the block’s length is detected. Figure 1.13 displays the signals for two reflections.
The first signal (a) corresponds to the reference signal of the shear wave and the second signal (b) is
its reflection after a round trip along the length direction of the aluminum block.

1

—Original Signal
—Smoothed Signal

=
n

Normalized Amplitude
n e

-1
64.4 64.6 64.8 65 65.2 65.4
Time (us)

(a) Reference shear wave detected.

—Original Signal
—Smoothed Signal

0.5

Normalized Amplitude
>

-1
128.8 129 129.2 129.4 129.6 129.8
Time (us)

(b) Second reflection of the signal.

Figure 1.13: Single round trip of the shear wave traveling through the length of the substrate.

The shear wave velocity v is given by v = 2A—'f, where [ is the length of the block and At is the time

difference for the round trip. Given | = 9.8 cm, At = 64.39 pus, and uncertainties 0; = 0.05 cm and
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o = 0.05 us, the velocity is calculated as v ~ 3044 m/s. Using the propagation of uncertainties for-

mula, o, = v1/ (%)% + (£)?, and substituting the values, we get o, = 3044,/(0.0051)2 + (0.00078)2 ~
16 m/s. Therefore, the shear wave velocity in aluminum is calculated to be 3044 + 16 m/s with a
time uncertainty value of 0.05 us and At = 64.39 us.

The parameters of the materials are summarized in table 1.3, where the properties of the Polyvinyl

Chloride (PVC) film were previously measured by M. Robin [5].

p (kg/m?) | ct (m/s) | ¢; (m/s) | i (um)

PVC 1300 760 1900 215

Al 2915 3044 6276 -

Table I.3: PVC and Aluminum parameters.

Conclusion

In this chapter, first, the deposition of thin films and their applications in different fields were
discussed providing a comparison analysis. Then, in the second section, we explained the different
theories that describe the adhesion phenomenon and the methods used to measure and study it, both
by destructive and non-destructive testing. Additionally, focusing on the application of ultrasounds
in characterizing adhesion, we discussed the corresponding current state-of-the-art techniques in-
cluding Laser-Ultrasonics.

In the third section, the mechanism of a pulsed laser was explained with its principle for generat-
ing ultrasonic waves. Moreover, the interferometric technique was presented as well as the directiv-
ity diagrams of the Rayleigh wave using linear sources.

Finally, in the last section, the necessary properties of the materials used experimentally were
presented. In the next chapter, the theoretical representation of surface acoustic wave propagation is

presented as well as the adhesion effect in a multilayered structure on the surface dispersion.
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Chapter II

SAW propagation along a multilayered

structure

Introduction

The experimental study of any natural behavior needs to be approached by mathematical deriva-
tion models. In this chapter, we present the derivation of the theoretical background that describes
the propagation of SAW through a multilayered structure.

Surface acoustic waves are influenced by the film and the substrate characteristics. The bonding
strength between the layer and the substrate affects also the behavior of these waves. When the
bonding forces are weak, the interaction between the SAW and the layer is reduced and there will
be no interaction if the layer is completely detached. Conversely, stronger bonding forces increase
interaction between the waves and the layer.

This chapter is divided into four sections. The first provides a review of the theory of elasticity. In
the second section, solutions to the equation of propagation of bulk and surface acoustic waves for an
isotropic medium are presented. Then, the third section focuses on the derivation of the dispersion
relation of Lamb waves. Finally, the fourth one discusses the dispersion of Rayleigh waves in a

multilayered structure, including the effects of bonding parameters.
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1 Theory of elasticity

The theory of elasticity studies how solid materials are deformed in response to external forces in
macroscopic physics (higher than atomic scale). It uses mathematical models to predict the behavior

of materials under different loads [1].

1.1 Hooke’s Law

Hooke’s Law is a fundamental principle in the field of elasticity, which relates the stress (force
per unit area) applied to a material to the resulting deformation (strain) that occurs. In the linear

elasticity regime, this relation can be expressed mathematically as [1, 2, 3]:

0ij = Cijki€kl (2.1)

where 0;; are the stress tensor components of [¢] in the i direction applied to the outgoing normal
surface j, gy are the strain tensor components of [¢] in the k direction applied to the outgoing normal
surface / and Cjj; are known as the elastic constant tensor components of [C], which depends on the
material properties of the studied system.

This relation is only valid in the linear elasticity regime, which means that the deformation must
be small enough so that the material can be considered linearly elastic. Outside of this regime, more
complex relations between stress and strain can arise.

The tensor [C] exhibits a particular symmetry due to those of the stress tensor [¢] and strain ten-
sor [¢]. Specifically, [C] is symmetric with respect to i and j and k and /, such that Ciji; = Cjiiy =
Cijix = Cjiix- Furthermore, for energy considerations, [C] also displays symmetry under exchanging
the first two and last two indices, such that Cjj; = Cy;; [3]. This symmetry reduces the number of
independent elastic constants in [C] to 21 in the most general case. The number of independent com-
ponents can be further reduced depending on the crystalline structure of the material, with isotropic
materials having only two independent components in [C].

In this context, it is worth noting that the Einstein convention is used, which implies a summation
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across the indices k and / in equation 2.1, where kand | € [1, 3. By expressing the strains as a function
of the particle displacement u; in the direction i in equation 2.2, it is possible to establish a relation

between stress and particle displacement, since Cjjx; = Cijjyx.

N 1 au. Bu]
&ij =3 (a—x] T a_x,>

5 5 5 (2.2)
1o (Qu 9w _ o 9w
7ij = 72Cijk (axl + 8xk> = Cijki 35,

1.2 Newton’s second law and the equation of propagation

The fundamental principle of dynamics derived by Newton’s second law is expressed as follows:

. = 021l
where div represents the divergence operator, fv denotes the body forces (such as weight), p is
the mass density of the solid under consideration and i is the particle displacement vector. In the
presence of external forces, represented by f,;, the fundamental equation of dynamics becomes equa-

tion 2.4:

du;j 0%u;

+ foi = vy (2.4)

0x;

The propagation equation (equation 2.5) can be derived using Newton’s second law in equa-
tion 2.4 and with Hooke’s law in equation 2.2. The solutions of equation 2.5 allow us to determine
the displacement of particles that characterizes the propagation of an elastic wave. In this case, the
loads are assumed to have no impact on the wave propagation and the elastic constants, contained

in the rigidities tensor, are uniform and do not vary with the position.

azui azl/ll

Pﬁ = Lijki —axkxj (2.5)
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1.3 Bulk waves

The following equation of propagation is the Christoffel equation that is considered for any ho-

mogeneous solid, whether isotropic or anisotropic of propagation [4, 5]:

oV Pi = CijunjniPy (2.6)

This equation 2.6 explains the effect of elastic properties on wave velocity and displacement in
materials so that their propagation through different media can be better understood.

The Christoffel tensor denoted by I';;, is a second-order tensor obtained by taking the product of
the tensor components of the rigidities C;j;; with the direction of wave propagation coordinates 7,y

in equation 2.6. Then we get:

T = Cijund + Cin + Cizzind + (Cior + Cipn)nang + (Cipar + Cizn)ninz + (Ciozg + Cizo)anz (2.7)
To simplify the notation in equation 2.7, the indices of the tensor components of rigidities are
converted into matrix notation, such that a = ij, b = kI and hence [1]:
11 —+1,22—+2,33—+3,32=23—+4,31=13—5,21=12— 6

The Christoffel tensor is symmetric, since Cijkl = Cklij = Clkji/ then 1”,-1 = Ci]-kln]-nk = Clk]‘inkn]' = I‘li

[1]. As a result, the previous Christoffel equation 2.6 can also be expressed as:

oVyP = TyPy (2.8)

Thus, we can conclude that qu% is the eigenvalue of the Christoffel tensor, denoted by I';; and P;
is its corresponding eigenvector, given by P; = P;6;;, where 6;; is the Kronecker delta (6;; = 1if i =/

and ¢;; = 0if i # [). The propagation equation can then be expressed as:

[ril - pvg,%(si,} P =0 (2.9)
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The non-trivial solution (where not all components P; are zero) of this equation occurs when the

determinant of the matrix is zero:

Tii — pVyd

=0 (2.10)

For a given direction of propagation, there are three roots to this equation which correspond to
three distinct waves and consequently three different phase velocities V;,. Each velocity gives rise to
a corresponding eigenvector, the polarization vector P which represents the direction of vibration of
the particles.

The equations given earlier can be applied to any homogeneous solid, whether isotropic or anisotr-
opic. To simplify the calculations, we will now consider an isotropic solid, where the speed of waves
is the same in all directions. In the following, we assume that the waves are propagating in the x3
direction, with # = €,, where €, is the unit vector corresponding to the x3 axis. The laser pulse
generates different wave types in an isotropic medium. Figure II.1 illustrates these waves [6].

Laser pulse

Rayleigh wave Rayleigh wave
Free surface

Y

Semi-infinite solid U

Longitudinal wave

Shear wave

Head wave

X3

\

Figure II.1: Wavefronts generated by a laser source in a semi-infinite isotropic solid.
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We can summarize the various mechanical disturbances observed at a point M(r, 0, t) in the case
of a free surface-solid interface. The longitudinal wave propagates at the speed c; and a shear wave
propagates at the speed ¢; (ct < \%Q)- Moreover, a surface acoustic wave propagates at the speed
cr, known as Rayleigh wave, with elliptical polarization. This wave has both a longitudinal com-
ponent and a transverse component, phase-shifted by 90°, lying in the sagittal plane formed by the
wave vector and the normal to the surface. The Head wave exists when the point M is at an angle 0

such that |6 > 6., where:

fc = sin~ <ﬁ> ) 2.11)

€1

In this case (isotropic medium), I';; in the propagation equation 2.9 is written as:

Iy = Cigzinans = Cizz) (2.12)
Hence,
Css Css Css
I]= |Css Cu Cus (2.13)
Css Cas Cs3

Only two independent elastic constants, C1; and Cj», are required to describe the characteristics

of an isotropic solid in the stiffness matrix where the only nonzero terms are as follows [7]:

Co=C3=Cz=A
Ci1=Cp=Csz3=A+2u (2.14)
Cay = Cs5 = Coo = pp = ;2

where A and y are the 1 and 2"? Lamé constants respectively. The solution represented by equa-

tion 2.10, is developed in the following:
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Cllgclz _ PV4% 0 0
0 Cngclz _ pV‘l% 0 =0 (2.15)
0 0 Cu—pVy

The first two waves have phase velocities of Vy, = V,, = \/; = ¢;. The third wave has a phase
velocity of Vi, = W = ;. To determine their polarizations, the matrix is projected onto the po-
larization vector. The projection shows that the first and second waves are polarized in the directions
of x1 and x», respectively, while the third wave is polarized in the direction of propagation, xs.

The first two waves are the transverse waves or shear waves, as their polarization is perpendicular
to the direction of wave propagation. The third wave, on the other hand, is referred to as a longi-
tudinal wave or compression wave due to its polarization being parallel with the direction of wave

propagation. The equation for wave propagation in an isotropic solid can be written as [8, 3]:

% (A +2pu)
oz p

A-ﬁ—%ﬁx (V x i) (2.16)

where x is the cross product, A=V -V = V2 = y3_ 822 and V=37, ax Ex;.

This equation shows that in an isotropic medium, the displacement vector i can be decomposed
into a sum of a scalar potential ¢ and a vector potential 1, which is not possible in an anisotropic
medium where waves are not purely longitudinal or purely shear and cannot be described using

purely scalar or vector potential. This decomposition is given by:

=V -¢p+V x =i +ilr (2.17)

where ii] is the particle displacement of longitudinal waves and ii7 is the particle displacement of

shear waves. These potentials satisfy two properties:

al

@x@cpz

o (2.18)
VA(Vxy)=

—;
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The wave equation can be separated into two equations using the scalar and vector potentials

respectively:

82
Ap—35E =0
el (2.19)
Aj - 555 =0

where A = V-V - — V x V x §. Therefore, V-V x § = 0.
Solving these two equations separately using the method of variable separation results the expres-
sions for ¢(x1, x2, x3,t) and §(xq, x2, x3,t) and thus for ii(¢, ) and [o(if)]. The solutions for ¢ and §

are [4]:

¢ = At¢€—iC1¢CZt + Bt¢e+i61¢01t] [Axl¢e—i§z¢x1 + Bx1<p€+i€24’xl} [Ax2¢e—i§3¢x2 + Bx2¢e+i€34>§]
(2.20)
| Ay G003 4 By et iLses|

and

lﬁ: A’tlpefiClwctt+B’tlpe+i€1¢ctt] [A’xwe—i@wxl +§x1¢€+i€2¢xl} [A’xzwe—iCslpxz_|_B'x2¢€+i€3¢xz]
(2.21)
[Ax3¢e_i§4¢x3 + §x3¢€+i€4wxs]

Amn and By, represent the amplitudes of the forward and return going waves, respectively and
Cmn represents the wavenumber. The subscript m can take on the values t, x;, x2, or x3, representing
the temporal and spatial components of the magnitudes ¢ and §. The subscript n can take on the
values ¢ or ¢.

The physical meaning of time components only exists when one of the amplitudes is zero, indi-
cating that the wave propagates only along a time dimension. The choice of the temporal direction

taken by the wave is merely a convention and the one followed here is "

The constant {14¢; should be expressed in rad.s~! or the dimension of a pulse which is denoted
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as w = {1901 = Q1pct. It is assumed that the same source produces both types of waves and thus
has the same oscillation frequency. Similarly, the constant {3 44 should be measured as rad.m~1,
which is the dimension of a wave number, denoted as k; = Z?:l Ci +1)¢E’xi = Z?:l ke, for the shear
waves whose norm is expressed in equation 2.22. Similarly, lzl = 21‘3:1 i +1)¢E’xi = 213:1 kjiéx, is the
wave vector of the longitudinal waves whose norm is expressed in equation 2.23. Finally, we can
use equation 2.17 to derive the expressions for particle displacement and equation 2.2 to obtain the

stresses.

S w

|kt || = \/ kK + Kk + kg = o (2.22)
- w

k|| = \/ k3 + k3 4+ k3, = o (2.23)

2 Surface and guided waves

Acoustic waves, such as surface and guided waves, are widely used for the NDT of materials
due to their sensitivity to surrounding properties. Modeling surface acoustic waves, using a math-
ematical approach to obtain dispersion curves, is important to understand the behavior of these
waves while propagating through a structure. This section covers the fundamental concepts related

to Rayleigh waves, Lamb waves and the propagation model in layered structures.

2.1 Rayleigh waves

The Rayleigh wave is an elastic wave that propagates on the surface of a semi-infinite medium,
implying a thickness much greater than the wavelength of the Rayleigh wave. It exhibits elliptical
polarization in the sagittal plane and travels at a slightly slower speed than shear waves. The wave
results from a superposition of the longitudinal and shear waves with components phase shifted by
7 at the free surface boundary of the solid. The velocity of the Rayleigh wave is calculated using

a two-dimensional space described by the density p and the Lamé constants A and u. Figure 1.2
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illustrates the two-dimensional space with the origin of the orthonormal coordinate system semi-

infinite in x, and infinite in x; at the surface of the solid.

Free surface X1

Solid medium

X2

Figure I1.2: Diagram showing the coordinate system on a semi-infinite solid structure described by

p, A and p.

In three-dimensional space, the problem is considered along x1 and x; and variations with respect
to x3 can be neglected. Therefore, the equations for 1; and u; are:

PR TE T T T -

=30 T T on  an

The equations only depend on the component 3 of the vector ¢ along x3. For simplicity, this
component is denoted as y. For a Rayleigh wave, of angular frequency w and phase velocity cg, that

propagates on the surface of a solid along x1, its wavenumber k is given by:

k= (2.25)

w
CR
Considering only the forward-going wave along x;, as there is no returning wave in the —x;

direction due to the medium being infinite in the x; direction, thus the amplitudes of the returning

waves of ¢ and 1 are zero:

Bx14) — Bxl1p — 0 (2.26)

The Rayleigh wave travels along the surface of a solid medium and only causes particle displace-

ment at a small depth, approximately the same as the wavelength [9]. Consequently, the dependence
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of the wave on x; can be replicated through an exponential decay function, which indicates an inho-

mogeneous component of the wave. Therefore, kj; and ki, are purely imaginary.

k,zz—i,/k2—%2:—ik,/1—§:kﬁl

1

N S (2.27)
=iy [k =% = —ik [1-F = kB,

And the Rayleigh wave’s particle displacements that can be expressed as:

.

ul — I:Aleiik’lez + AzeikﬁpCQ _|_ ﬁz (Age*ikﬁzﬁQ _ A4eik‘52X2):| ei(wtkal)

uz — [’81 (Ale—ikﬁle _ A2€l'k131X2) _ A3e—ikﬁ2x2 _ A4eikﬁ2x2:| ei(wt—kxl)

Ay = —ikBipAsx,p Ay 228)
A2 = —ikBt4;Ax1¢Bx2¢

A3 — _lkBtlprlq)szw

A4 = —ikBt¢Ax1¢BxZ¢

\ \

Equation 2.2 is used to obtain the expressions for the normal and tangential stresses, 02, and o7y,

assuming zero body forces:

o = —ik [Zﬁl (Ale_ikﬁl"Z — Ageikﬁl’@) + (,B% -1) <A36_ikﬁ2x2 + A4eikﬁ2xz)} pc?ei(“’f_kxl) (2.29)

0 = —ik [(,5% -1) (Ale_ikﬁl"2 + Azeikﬁ1x2> — 2B (A3e_ik/32x2 — A4eikﬁ2"2)} pcel@i=kx) (2 30)

Therefore, equations 2.28, 2.29 and 2.30 can be expressed in matrix form as:
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Uy
Uz
012
022
cos(Py,) —isin(Py,) —iBysin(Qy,) B2 cos(Qx,)
_i.Bl Sin(sz) .Bl COS(sz) _COS(sz) iSin(sz)
—2kp1 sin(Py, ) pc? —i2kpBy cos(Py,)pc?  —ik [B5 — 1] cos(Qx,)pc? —k [B5 — 1] sin(Qx,)pc?
ik [B-1]cos(Pulpd —K[B—1sin(Plpd  Zpasin(Qulpd  i2kPacos(Qu)pd
A1+ Ap
M A2 ] k) (2.31)
Az + Ay
Az — Ay

where k is the wavenumber, p is the density, c; is the shear wave speed, 81 and 3, are coefficients,
t, x1, U1, Uz, 012 and oy are variables, Aj, Ay, A3 and A4 are constants. Equation 2.31 represents a
system of equations that can be solved simultaneously to determine the values of uy, uy, 012 and 09,
for given values of the constants and variables, Py, = P (x2) = kB1x2 and Qx, = Q (x2) = kB2x2.

Due to the fact that the medium is semi-infinite in the +x; direction, any reflected waves prop-
agating in the —x; direction can be ignored, hence the amplitudes A, and A4 can be set to zero.
After imposing the boundary conditions of neglecting the normal and tangential stresses at the free

surface, equation 2.31 at x, = 0 can be expressed as:
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[Z5] 1 0 0 ,32 Al
Uz — 0 51 -1 0 Al ei(wt—kxl) (232)
0 0 —i2kBrpc?  —ik [B5 — 1] pc? 0 Az
0 o —ik [ — 1] pc? 0 0 i2kBopc? | \ As

which leads to Rayleigh’s equation:

[5% - 1]2 +4p1p2 = 0. (2.33)

2.2 Lamb waves

When the thickness of a medium or the frequency of the waves is reduced, the waves become
guided by the structure instead of being considered infinite compared to the wavelength. These
waves are known as Lamb waves for an isotropic and homogeneous plate and are dispersive waves.
The process for obtaining the Lamb wave dispersion equation is similar to that of the Rayleigh equa-
tion. Equation 2.31 is considered where the thickness of the medium is now finite and four boundary
condition equations are required to obtain the dispersion relation of the problem. The medium has
a thickness of I and is free on each surface, so the boundary conditions of equation 2.32 must be

applied at x, = h. The equation for the boundary:
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0 ~i2y —i(B3 - 1) 0
-1 o : 28,
—2B1sin(P,) —i2Bycos(P,)  —i[B5—1]cos(Qy) — [B5—1]sin(Qy)
—i [B5 — 1] cos(P,) — [B5 —1]sin(Py) 2B, sin(Qy) 2B, cos(Qy)
A1+ Ay 0
A= ckpc? - el @tka) — 0 (2.34)
A3+ Ay 0
Az — Ay 0

It is supposed that V7, is the Lamb wave phase velocity. Therefore, we have the following proper-

ties:

(

\
(

)

pr=—iy[1- <VTL)2 (2.35)
Py = kp1h

Qn = kpoh

The dispersion relation for Lamb waves can be obtained by making the determinant of the matrix

in equation 2.34 equal to zero. This leads to the identification of two types of Lamb modes, the

symmetric and antisymmetric modes, as depicted in figure I1.3 [3].

(a)

Figure II1.3: Symmetric (a) and antisymmetric (b) Lamb modes illustration.
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Another way to express the matrix of equation 2.34 is by changing the origin of the orthonormal
system to the center of the plate’s thickness and applying the boundary conditions at x, = —h/2 and
xo = h/2[10]. This simplifies the equations due to the central symmetry of the sine function and the

axial symmetry of the cosine function. The resulting equation is:

[Ulz(xzz—%)—glz(x2:+%)]

2kpc%
[022 (x2=—1 ) +0op2 (x2=+14)]
2kpc?
o (n=—1)+0n(xn=+1)]
2kpc?
[022 (x2=—1%) —0np (x2=+1%)]
2kpc%
—i [ﬁ% — 1} cos <P%> 2ip, cos (Q%> 0 0
0 0 i [B3 —1] cos (Qg) 2ip cos <P%>
0 0 —2p; sin (Qg) (B3 — 1] sin (P,2>
A1+ Az 0
A3 - A4 el'(CUfkal) _ 0 (236)
Az + Ay 0
Ay — Ay 0

Equation 2.36 can be expressed in the block matrix form as in equation 2.37, where [Mg] and [M 4]
represent the matrices whose determinant cancellations give the dispersion relation for symmetric

and antisymmetric Lamb modes respectively [8, 10].

[M] = Ms] 10 (2.37)
0]  [Ma]

The dispersion relations are given by equations 2.38 and 2.39 for symmetric and antisymmetric

modes, respectively. These two equations are quite similar and differ only by a phase shift of 7.
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(2.38)

(2.39)

The phase velocity dispersion curves of the Lamb modes shown in figure I1.4 are for a sample

of 1.524 mm thick aluminum plate with longitudinal wave velocity of ¢; = 6120 m/s, shear wave

velocity ¢; = 3100 m/s and a density of p = 2700 kg/m° [11].

9000 \
—Mode Ay
8000 - —Mode A4 .
—Mode S
~ 7000 - Mode 51 _

|
0 0.5 1 1.5

Frequency (MHz)

2.5 3

Figure II.4: Lamb modes phase velocity dispersion curves of 1.524 mm thick aluminum plate.

The modes denoted by A correspond to antisymmetric modes, while those denoted by S corre-

spond to symmetric modes. The numerical subscript attached to the letters represents the mode

number in order of appearance, according to increasing frequencies. At high frequencies, the Ag and

So modes combine to form the Rayleigh wave, which propagates in a semi-infinite thickness material

since the wavelength is much smaller than the thickness of the material. Modes of order 0 are present

at all frequencies, but higher-order modes only exist above a certain cutoff frequency.
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Figure IL.5 displays the dispersion curves for the group velocity of Lamb modes in the same struc-
ture. The group velocity, which corresponds to the speed of energy propagation, is not equal to the
phase velocity for dispersive waves. The relation between the pulsation w and the wavenumber k is

defined by the group velocity V;, as shown by the following equation:

_ dw

== (2.40)

Ve

The formula for group velocity, V,, can be expressed in terms of the frequency, f and the phase

velocity,Vyp, of the wave as:

4
Vo= —"—— (2.41)
8 vV,
Vo — f5f
6000 \
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T ——— —Mode A;
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Mode 54
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Figure I1.5: Lamb modes group velocity dispersion curves of 1.524 mm thick aluminum plate.

If the partial derivative of the phase velocity with respect to frequency is zero, i.e., aa% = 0, then

the group velocity is equal to the phase velocity.
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2.3 Matrix transfer method in multilayered structure

In a multilayered structure, the surface acoustic waves are dispersive, as each layer has a different
effect on the waves’ propagation. This leads to the identification of Rayleigh modes. The dispersion
relations of these waves can be obtained using a similar approach as introduced in figure I1.2 but with
a multilayered structure. Figure II.6 shows a structure with n layers and a semi-infinite substrate, of
a uniform multilayered structure. In this model, Lame’s constants are denoted by A and p and p is
the density. The amplitudes of downgoing and upgoing longitudinal waves are represented by P
and P’ respectively. Similarly, S and S’ correspond to the amplitudes of downgoing and upgoing

shear waves respectively [12].
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Figure II.6: Diagram showing the coordinate system on a semi-infinite solid structure described by
p, A and p.

The transfer matrix method, first introduced by Thomson in 1950 and later adapted by Haskell
in 1951, is a highly flexible numerical calculation method that involves matrices in the computation

of reflection and transmission coefficients for bulk waves in a multilayered medium. Later, Haskell
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improved this method to accommodate surface acoustic waves [13, 14].
According to equation 2.31, it is possible to formulate the stresses and displacements in any layer

j, with j € [0, n]. The equations for these values can be written as follows:

1/[1]'
uzj B
U12j
022j
cos(Psz) —isin(PjX2) —ipy; sin(ijZ) Baj Cos(QjXZ)
kojcy; kojcy; kpjcy; kpjcy;
—ipy; sin(PjXZ) B1j cos(P]-xZ) —cos(QjX2) isin(Q]-xZ)
kojci; kojcy; kpjcy; kpjcy;
—24;sin(Pjy, ) —i2Bqjcos(Piy,)  —i [ 2~ 1} cos(Qjx,) — [ %]- - 1] sin(Qjy,)
—i [ %]. - 1} cos(Pjy,) — [ %]. — 1] sin(Pjy, ) 2B5sin(Qjx,) 122 cos(Qjx,)
Aqj+ Ay
A Ay .
1j 2j . kp]C%] i ez(wt—kxl) (242)
Asj + Ayj
Azj — Ayj

/ 2
j indicates the layer number and f1; = —iy/1 — (VCLUR) , where V) g represents the phase veloc-

ity of the Rayleigh modes and c); represents the velocity of the longitudinal waves in the it layer.

Equation 2.42 can be written as:

[ (x1,x2, 1) ] = [Mj (x2)] [Aj] f (x1,1), (2.43)

with
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Lllj
Uy
177 (%1, %2, )] = !
U12j
022j
[M; (x2)] : The matrix of stresses in equation 2.42
/ (2.44)
Ayj+ Ay
A Ay
[ = """
Agj + A4]
Azj— Ayj

Hence, the transfer matrix for layer j is formulated in equation 2.46, based on the expressions for
the particle stresses and displacements at the boundaries between layers j — 1 and j (represented
by depth /~1x,) as well as between layers j and j + 1 (indicated by depth /x;). Consequently, the

difference /x, —/~1 x, corresponds to h;, which is the thickness of the j*" layer. We know that:

[1j (x1, 32 =1 22, 1) ] = [M (x2 =/ 22)] [A)] f (x1,1)
[j (x1,x2 =17 2o, 1) | = [M (32 =71 x2) ] [A)] f (x1,8)

(2.45)

Hence, [A]} f (xl,t) = [M] (XZ =/-1 Xz)] [17] (Xl, Xo =/-1 X7, t)} and thus:

i (1,52 =T 30, t) | = [ M ()2 =T x2) | [ M (0 =7 )| - (=0t @)

Considering the boundary conditions:

[1j (x1,%2 = 2, 8)] = [111 (31, %2 =/ x3,1)] (2.47)

7 (x1, 02 =7 g, )] = 21 (31,32 =171 2o, )]
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This implies that [M; (/x2)] [M; (Tx)] -

= [M;j (k)] [M;(0)] ~!. We can then establish a rela-
tion between the transfer matrices of layers j + 1, j and j — 1. Therefore, it is possible to connect the

properties of layer n with those of layer 1 by the following expression:

[ (v1, 22 =" 2, )] = (Mo ()] [Ma (0)] 71 My ()] (M (O)]7") - T (1,2 = 0,8)] (248)

Since [, (x1, X2 =" x2,1)] = [fn+1 (X1, x2 =" x2,t)] = [My41 (x2 =" x2)] [An+1] f (%1, ) and taking
into account the boundary conditions at the top boundary of the initial layer (stress cancellation) as
well as within the substrate (Sommerfeld condition, absence of a returning wave due to semi-infinite

medium propagation, leading to A, = A4 = 0), the following expression can be obtained:

Atny1 uy1(x1,x2 = 0,t)
A Un(x1,x2 =0,t
e = - | =00 (2.49)
A3n+l 0
A3n+1 0

Where [M] is the matrix of stresses and displacements that relates the layers of the system together

as:

[M] = [Ma1 (0)] - (1M ()] [Ma (0] ") .. (M1 ()] [M: (0)] ) (250)

Thus, the resulting system of equations is:

Atny1f(x1,t) = Myuai(x1,x2 = 0,t) + Mypuoi (x1, 22 = 0, )
Arpi1f(x1,t) = Mpruqp(x1,x3 = 0, 1) + Mopupy (x1,x2 =0, 1) 251)
Asny1f(x1,t) = Majuqi(x1,x2 = 0,¢) + Mapuoi (x1,x2 = 0, ¢)
Azni1f(x1,t) = Mauqq(xq,x20 = 0,¢) + Myoupi(x1,x2 = 0,1)

Where M,,,, represents the matrix elements of [M] in the a!" row and a4 column. Subtracting
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the amplitudes of waves in the substrate, the ratio of particle displacements at the surface of the

multilayer can be determined:

up (x1, %2 =0,t) _ M1 — My _ My — Mz
up(xy,x0=0,¢)  Mpp— My M — My

(2.52)

The matrix [M] only depends on the wavenumber k and the Rayleigh mode phase velocity Vig.

Finally, the dispersion relation is expressed as:

My — My Mg — Mz
My — My Mz — My

= 0. (2.53)

3 Perfect contact of a single layer on a substrate

For a single layer deposited on a substrate, there are three possible situations for Rayleigh modes
depending on the relation between the shear wave velocities of the layers [7, 15]. In this section, the
solution of the matrix multiplication using mathematical software will be first presented. It is then
included in the software to plot the dispersion curves. Results are compared to those of Farnell and
Adler [7]. Finally, in the developed program are integrated the characteristics of the materials used

experimentally.

3.1 Numerical calculation of the dispersion relation

For a single layer deposited on a semi-infinite substrate, equation 2.50 is written as:

[M] = [Msubstrate (0)] - ([MFﬂm (hFitm)] [MFilm (0)]_1) (2.54)

A software is used to calculate the matrix [M] by calculating the multiplication of the three ma-
trices [Msupstrate (O)]_l, [MFiim (Mgiim )] and [MEiim (O)]_l. The input holds all the variables of these

matrices as follows:
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1 0 0 Ba
0 B -1 0
[My] =
0 2ikpipd —k(E-Dpd 0
—ik(B3 — 1)pc} 0 0 2ikBapct
CC;(S(IZh) —i Sin(th) —ipy Sinz( Qn) B COS(ZQh)
b kpé kpé kpé
—ipy Sirtl(ph) B COS(tph) - COS(tQh) isin(éh)
[M,] = kpe kpe kpey kpey kpjc
—2f sin(P;) —i2Bycos(P,)  —i[B3—1]cos(Qy) — [B3—1]sin(Qy)
—i[B3 —1] cos(Py) — [B3—1]sin(Py) 2p2sin(Qp) 122 cos(Qp)
1 0 0 ,32
0 B ~1 0
[Ms] = ) )
0 2ikpypd —kE-1p2 0
\ k(162 0 0 2ikPap?
(2.55)
Hence the output of [M;] ' and [M3] * are:
( 2 i
ga 0 0 PRIy
0 B o 0
[MSubstrate (0)]_1 = [Ml]_l = (ﬁ2+12)'81 kpcp ('B§+1)ﬁ1
O TBA w3@e 0
p3-1 _ i
2,32( %+1) 0 O kFZPC%(.B%J'_l) (256)
1
Ba 0 BEFE
0 A‘B%71A Ai _ 0
[MFiim (0)]—1 _ [M3]—1 _ (B5+1)p1 kpet (B3+1)By
2 i
N B w2B 0
p5—1 o i
\ T 0 BB D)

We can calculate [M;] ™! - [M5] - [M3] !, Once we have the result of this calculation we can then ex-
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tract the matrix elements My, My1, M1, Moy Myay, M3y, M3y and My and then compute the formula

of the term in equation 2.53. The computed term will then be generated in the developed program
in the form of a polynomial.
Finally, this polynomial allows to plot the phase velocity values Vjr at each frequency when it is

approximately zero.

3.2 SAW dispersion behaviour for single layer on substrate

3.2.1 Loading case
This first case respects the following condition:
(2.57)

C 1

Ct <

Ct \/5
where ¢; denotes the shear wave speed in the layer and c; represents the speed in the substrate.
In this case, the layer "loads" the substrate, causing its mechanical properties to slow down the sur-

face acoustic wave. It is characterized by the existence of multiple modes, with the phase velocity
decreasing as the frequency increases.
A loading case example of the phase velocity dispersion curves of Gold (Au) layer of thickness
h=1pum, ¢ = 3361 m/s, ¢ = 1236 m/s and p = 19572 kg/m?, deposited on a Fused Quartz (SiO,)

substrate of c; = 6050 m/s, ¢; = 4100 m/s and p = 2641 kg/ m? [7], is plotted in figure IL.7.
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Figure II.7: Rayleigh modes in the loading case of a 1 ym gold layer deposited on a fused quartz
substrate.

The phase velocity curves as shown in figure I.7 show the initial Rayleigh mode at the substrate’s
Rayleigh wave velocity. This is because, at low frequencies, the wavelength is considerably larger
than the layer’s thickness and thus the layer’s influence on wave propagation is negligible. As the
frequency rises, the phase velocity of the mode decreases until it reaches the Rayleigh wave velocity
within the layer. At high frequencies, the wavelength becomes sufficiently small to the layer’s thick-
ness which is considered semi-infinite, causing the wave to transform into a Rayleigh wave within
the layer. The changes in the ratio of the wavelength to the layer’s thickness at various frequencies
are indeed the cause of surface acoustic wave dispersion. As the frequency increases, the layer’s im-
pact on wave propagation becomes progressively more significant. A similar occurrence can be seen
for higher-order modes, where the low-frequency phase velocity at which they appear corresponds
to the shear wave velocity in the substrate. As the frequency rises, the phase velocity of these modes

approaches the shear wave velocity within the layer.
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3.2.2 Stiffening case

This second case respects the following condition:

? > V2 (2.58)
t

In this case, the layer strengthens the mechanical properties of the substrate, leading to an increase
in the phase velocity of the surface acoustic wave. As a result, only one mode exists, with its velocity
increasing as the frequency increases.

Figure I1.8 shows the surface dispersion for the stiffening case example of a 1 ym thickness of
Silicon (Si) layer of ¢ = 8945 m/s, & = 5341 m/s and p = 2331 kg/ m’ deposited on a Zinc Oxide
(ZnO) substrate of ¢; = 6000 m/s, c; = 2831 m/s and p = 5675 kg/ m? [7].
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Figure I1.8: Rayleigh mode phase velocity in black and group velocity in blue for the stiffening case
corresponding to a structure composed of 1 ym silicon layer deposited on a zinc oxide substrate.

At low frequencies, the Rayleigh mode approaches the velocity of the Rayleigh wave of the sub-
strate, due to the large wavelength of the wave, where it is much larger than the order of the thickness

of the layer, therefore the elastic properties of the layer are not able to affect the Rayleigh mode. As
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frequency increases, the wavelength becomes relatively small. The effect of the layer’s mechanical
properties starts to increase the phase velocity of the mode until it reaches a high cut-off frequency
at which the generated wave becomes a shear wave. This occurs at around 360 MHz corresponding
to a wavelength of approximately 8 ym by tracking the velocity of the Rayleigh mode in figure II.8.
Therefore, the layer is never considered as semi-infinite relative to the Rayleigh mode wavelength

propagating within the structure.

3.2.3 Intermediate case

Finally, the third case respects the following condition:

1 Cr
— <Xt <2 2.59
7 (2.59)

There can be one or multiple Rayleigh modes in this case depending on the materials considered,
for which the curves are no longer monotonic. Figure I1.9 presents the dispersion curves of the
intermediate case where 1 ym thick Tungsten (W) layer of longitudinal wave velocity ¢; = 5231 m/s,
shear wave velocity ¢; = 2860 m/s and density p = 18705 kg/m?, deposited on an aluminum
substrate of ¢; = 6422 m/s, ¢; = 3110 m/s and p = 2698 kg/ m? (the solid black curve). If the
materials were reversed with the same thickness 1 ym, one mode would appear (the broken black
curve) at 0 < f < 6 MHz range of frequencies. For these materials, it is possible to observe the

Stoneley wave propagating at the interface [7].
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Figure I1.9: Rayleigh modes in the intermediate case for a structure composed of 1 ym tungsten layer
deposited on an aluminum substrate (solid black) and aluminum on tungsten (dashed black).

In the case where the aluminum layer is deposited on the aluminum substrate, there exist a single
Rayleigh mode. This mode starts at the Rayleigh wave velocity of the substrate in the low frequency
range (which is the tungsten), as the frequency increases the phase velocity increases and converges
towards the Stoneley wave velocity cg = 2769 m/s in the aluminum-tungsten interface [7].

In the case where the tungsten layer is deposited on the aluminum substrate, there exist two
Rayleigh modes. At a very low frequency, the first Rayleigh mode has a phase velocity equal to the
Rayleigh wave velocity of the substrate and the layer is not effective to the wave propagation. As
the frequency increases, the phase velocity of this mode decreases to a certain minimum and then
increases such that eventually approaches the velocity of the Rayleigh wave of the layer at a higher
frequency. The second Rayleigh mode initially starts at the shear wave velocity of the substrate and

then decreases toward the Stoneley wave velocity of this structure.
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3.3 Influence of adhesion parameters on SAW dispersion

The previous dispersion relation was evaluated in perfect contact condition. In this section, ad-
hesion parameters (tangential and normal stiffnesses) are included to show the effect of different

adhesion strengths on the dispersion curves.

3.3.1 Theoretical analysis of adhesion parameters

The displacement jump model, frequently used in studies on the influence of adhesion in elastic
wave propagation in multilayers, demonstrates non-perfect connections between solid layers, result-
ing in adjusted mechanical stress and particle movement at the layer boundary [16]. Perfect contact,
detachment and sliding contact are extreme cases that assume perfect or zero adhesion, while in-
termediate situations can be represented using this model. The displacement jump model has been
extensively studied in many mathematical complexities and different contact conditions can have a
significant impact on wave propagation equations [17, 18].

The displacement jump model represents contact conditions at the interface using an infinitesi-
mal intermediate layer, with its properties representing the quality of the interface. Poor adhesion
is modeled by a layer with slower propagation speeds and a larger thickness than a layer model-
ing good adhesion. The basic form of the model replaces boundary conditions with the following

expressions:

. — /
7= 7 (2.60)
0 = Ka(u} — u;)

Here, 0;; and (Ti’j represent stress in the first and second mediums, #; and u/ are particle displace-
ments in the i direction and K, is the interface stiffness representing contact quality. K, = K, ifi = j
and K, = K; if i # j. K;; and K; correspond to normal and tangential stiffnesses respectively.

Ky — o
e Perfect contact condition: (u; — ui) -0

)
U = u;
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. K,—0
e Free surface condition:

(

Ki — 0

- . Ky — o0
¢ Sliding contact condition:

oij — Ofori #j

)
| Ui = U

Many researchers have examined the modeling of contact conditions using an intermediate layer,
starting with Jones and Whittier in 1967 [19], who investigated the propagation of Rayleigh and
Stoneley waves at the interface between two media separated by an elastic bond. In this model,
they provided the expressions for the tangential stiffness constant, Ky, as % and the normal stiffness
constant, K, as %, where y, h and E denote the shear modulus (second Lamé coefficient), thickness
and Young’s modulus of the intermediate layer respectively.

Subsequently, Murty [20] suggested the case of a wave propagating along the interface, applying
the displacement jump conditions only to tangential stress and displacement while accounting for
a viscous intermediate layer with a complex K;. In 1980, Schoenberg [21] utilized the displacement
jump method to study the effects of a discontinuity at the interface between two solids on reflection
and transmission coefficients by examining shear and longitudinal waves. Schoenberg formulated

the stiffness constants as follows:

K, = A+ _ gp

Sh (2.61)

=

2
— B _G9r

In these expressions, A represents the first Lamé coefficient of the intermediate layer, p denotes its
density and ¢; and c¢; correspond to the longitudinal and shear wave velocities within the layer. The

constants K; and K, are found in publications that employ the displacement jump model.

72



Chapter 1I. SAW propagation along a multilayered structure

3.3.2 Matrix representation of adhesion

We considere a structure composed of n layers and a substrate as in figure I1.6. Adding the bond
layer, representing the quality of adhesion of various interfaces with an infinitesimal thickness, re-
sults in an overall structure of 2n layers. Introducing weak normal and tangential stiffnesses is the
aim of the characterization of adhesive strength of materials by studying the impact of K, and K; on
the dispersion curves fitted with the experimental results. The Matrix representation of a bonding

layer j is expressed as [13, 14, 16, 4]:

10 K% 0
]
01 0 L
[A)] = Ko (2.62)
00 1 0
00 0 1

Therefore, the matrix of stresses and displacement [M] can be written as:

[M] = My (0] [An] - (M (1)) [Ma (0)] 1) oo [Ad] - (M1 ()] M1 O] ") (2:69)

3.3.3 Numerical verification

In the case of a single layer on a substrate, the input of the matrices of equation 2.55 in the software

is the same, but considering equation 2.63 in single layer case as [4]:

[M] = [MSubstrate (0)]71 ’ [Alntermediate Layer} ' <[MFilm (hFilm)] [MFilm (0)]71> (2-64)

Such that [AIntermediate Layer] , is the adhesion strength matrix representation according to a chosen
K, and K; in equation 2.62. Du et al. [12], studied the bonding interface quality of Gold film of
thickness 0.5 ym, longitudinal wave velocity ¢; = 3240 m/s, shear wave velocity ¢; = 1200 m/s

and density p = 19300 kg/m?, deposited on a Glass substrate of ¢; = 5130 m/s, ¢; = 3020 m/s and
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p = 2760 kg/m?®. To verify the developed program using equation 2.64, the same contact conditions

of K;; and K; are indicated in table II.1.

Kn(x10N/m3) | K¢(x 10N /m3)

Perfect bond o0 o

Lamb modes 0 0

Level 1 0.84 0.24
Level 2 3.38 0.69
Level 3 13.5 3.84
Level 4 54 15.36
Level 5 216 61.44

Table I1.1: Table of stiffness parameters from [12].
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Figure I1.10: Surface acoustic waves dispersion curves for different contact conditions for a structure
composed of a 0.5 ym gold layer deposited on a glass substrate.
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Figure I1.10 shows the results of the dispersion curves by the developed program for all adhesion
levels. As the stiffnesses, K, and K; decrease, surface acoustic wave dispersion curves approach those
of the Lamb modes of the layer. This can be an indication of the weaker adhesion between the layer
and substrate, making their interaction less significant. With extremely poor adhesion, the wave is
no longer influenced by the substrate and behaves like a guided wave in the layer. Additionally, the
third Rayleigh mode becomes less dispersive at low frequencies and converges towards the Rayleigh

wave velocity of the substrate.

4 SAW dispersion curves of PVC layer on an Aluminum substrate

In this section, we will introduce the dispersion curves of a PVC layer of thickness 215 ym adher-
ing on an Al substrate. Next, a study of varying the adhesion strength K;, and K; on the dispersion
curves will be presented, as well as the sliding boundary condition by fixing K, and varying K; and

vice-versa to study different cases.

4.1 Perfect contact condition

The PVC layer has a thickness of 215 um and a density of 1300 kg/m?> and the aluminum substrate
of density 2915 kg/m? as presented in table 1.3 of Chapter I. Figure II.11, illustrates the "loading" case
phase velocity dispersion curves for the surface acoustic waves of the PVC film deposited on an Al
substrate at a frequency range from 0 to 6 MHz, as the filter applied to the interferometer in the
experiments between 0.2 to 4 MHz to optimize the signal-to-noise ratio of the detected signals.

In the next section, we will introduce a study of the variation of the adhesion parameters K, and

K; and their influence on the dispersion of the surface acoustic waves.
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Figure I1.11: Perfect contact Rayleigh modes dispersion curves of PVC layer on Al substrate.

4.2 Influence of adhesion parameters on the dispersion curves
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Figure I1.12: Effect of K;, and K; on the dispersion curves of PVC layer on Al substrate.
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Figure II1.12 demonstrates the influence of K;, and K; on the dispersion curves. When adhesion is
weak (K, = 10'2 N/m?®), the modes start by the Rayleigh wave velocity of the Al substrate (cx =
2844 m/s) calculated theoretically [22] and shift towards the Lamb modes of the PVC layer. This
occurs when the wavelength is relatively larger than the layer’s thickness and the elastic properties
of the layer have no effect on Rayleigh wave propagation.

In conditions of high adhesion where K, = 104 N/m?, the observed modes converge towards the
perfect contact (depicted in black curves). Theoretically, the Rayleigh wave is transferred into Lamb
modes guided within the layer.

Figure I1.13, shows the effect of the interface stiffness constants K;; and K; on surface modes for a
PVC film on aluminum separately. Initially, K, is fixed at 106 N/m?® and K; is modified, then K; is

fixed at 101 N/m? and K,, is varied.
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Figure I1.13: K}, fixed at 106 N/m? and K; is modified.
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Figure I1.14: K; fixed at 106 N/m? and K,, is modified.

Most of the parameters on which the Rayleigh mode dispersion curves in a layer-on-substrate
structure depend can thus influence them like a slight variation in adhesion. Poor estimation of one

of the parameters can therefore lead to uncertainty in the estimation of interface stiffness from the

dispersion curves.

It is possible to locally confuse a variation in adhesion with a poor estimation of the sample char-

acteristics for certain ranges of frequencies and phase velocities.

a) Fixing K, and varying K;

When K, is fixed and K; is varied, the influence on the Rayleigh modes is different. When K; is
weak, the first mode transforms into the second Lamb mode, while the high-frequency part of this
mode tends towards the first Lamb mode of the layer. On the other hand, the second, third and fifth
modes show less sensitivity to the lower values of K;. However, the fourth mode shifts towards the

film’s fourth Lamb mode of the layer.
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b) Fixing K; and varying K,

The influence on the modes is evident when K; is fixed and K;, is modified. As K, decreases, the
modes approach the Rayleigh wave velocity of the substrate and the lamb modes of the film. The first
and second Rayleigh modes shift towards the first and second Lamb modes of the layer respectively.

Moreover, the third, fourth and fifth Rayleigh modes tend towards the Rayleigh wave speed of the

substrate.

4.3 Effect of film’s thickness on the dispersion curves

Figure II.15 demonstrates the impact of increasing and decreasing the thickness from / = hpyc —

Sumtoh = hpyc +5 um.
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Figure II.15: Effect of thickness on the dispersion curves of surface acoustic waves PVC layer on Al
substrate in perfect bonding condition.

As the thickness increases, all modes shift towards lower frequencies. Conversely, when the thick-
ness decreases, the modes shift towards higher frequencies. This variation in the thicknesses shows

that it is important to have the most uniform thickness possible of the film during experimental
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measurements, as non-uniform thicknesses provide modifications to the dispersion curves leading

to complexities in adhesion characterization.

Conclusion

This chapter presented the equations for acoustic wave propagation, focusing on surface acoustic
waves. Moreover, the interaction of these waves with a multilayered structure was investigated
by the Rayleigh modes dispersion relation. The dispersion curves were generated by a developed
program and verified through existing literature results.

Furthermore, we explored the Thomson-Haskell model to understand the impact of adhesion on
acoustic wave propagation. By applying this model, we analyzed the influence of the thickness and
K, and K; parameters on the dispersive behavior of Rayleigh modes for the sample that will be used
experimentally.

When adhesion is significantly reduced, Rayleigh modes tend to approach both the Rayleigh wave
of the substrate and the Lamb modes of the film. This observation helps in understanding how

decayed adhesion affects the behavior of acoustic waves in multilayered structures.
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Chapter III

Studying the influence of adhesion strength

by finite element modeling

Introduction

The Finite Element Method (FEM) is employed in the following for detailed modeling and un-
derstanding of wave propagation and interaction at the interface of a layer on a substrate structure,
which is essential in studying the quality of adhesion by ultrasonic waves and optimizing the per-
formance of a coating.

Indeed, surface acoustic waves are sensitive to various factors when propagating through a film
on a substrate structure, such as the thickness of the film and its adhesion strength denoted by the
normal and tangential stiffnesses K, and K; along the interface. The uniform thickness of the film in
the simulation allows the study of the adhesion strength assuming homogeneity along the interface.
Conversely, the adhesion area itself is another crucial factor. This factor depends on the areas where
the coating adheres strongly, in contrast with other areas that exhibit weak adhesion. In situations
where adhesion strength is not homogeneous, obtaining accurate K, and K; values with respect to
the theoretical calculation becomes challenging.

In this chapter, we will present the finite element modeling, through three sections. The first part
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will explain the modeling process and the parameters considered, as the accuracy of our simulation
greatly depends on the validity of these parameters. The second one will study the influence of adhe-
sion strength on the dispersion curves of the considered sample and will present the comparisons of
the model to the theoretical computations. The final part will display the study of the adhesion area
on surface acoustic wave dispersion through the interface, using the continuous wavelet transform

on the signal.

1 Introducing the finite element modeling

It is necessary to consider an infinitesimal intermediate layer that has the parameters relevant to
the theoretical characteristics of adhesion. Accordingly, a two-dimensional setup within the plane

strain structural mechanics model is sufficient for an accurate representation.

1.1 Meshing and parameter justification
a) Parameters and geometry of the FEM

As mentioned previously, the substrate is a square-shaped block of aluminum, which measures
4.4 £ 0.05 cm in height and 9.8 £ 0.05 cm in length and width. Moreover, the PVC layer measured
has a thickness of hpyc = 215+ 5 ym and a width of 17 mm. The dimensions of the subdomains
chosen for the finite element model are summarized in table III.1. Figure III.1 displays the geometry

of the model.
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Material (Subdomain) | Width (mm) | Thickness (ym) | Maximum Element Size (m)
Polyvinyl chloride 15.1 215 10

Intermediate layer 15.1 0.1 10

Aluminum 17.1 500 10

Perfectly Matched Layer - - Coarse Mesh

Table II1.1: Parameters for each subdomain in the model.
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15.1mm| | D, [ D4 ]
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Figure III.1: Geometry of the finite element modeling.

b) Characteristics of the subdomains

In this model, the PVC film is depicted by the subdomain D;, which measures 15.1 mm in length
and 215 ym in thickness. The intermediate layer is represented by the subdomain D, in the model,
has the same length as the PVC layer (15.1 mm) and has a thickness of hy = 0.1 ym (that is less
than 0.1% of hpyc). The aluminum substrate is characterized by D3 and D4 subdomains. The subdo-
main D3 extends over 17.1 mm in length and has a thickness of 0.5 mm. Whereas the subdomain Dy
incorporates Rayleigh-type damping to establish a Perfectly Matched Layer (PML), minimizing the
acoustic wave reflections at the boundaries of the structure [1]. Finally, the detection zone is repre-

sented by 251 blue dots which record the normal displacements on the surface of the substrate along

86



Chapter 1I1. Studying the influence of adhesion strength by finite element modeling

the interface.

To justify the selected values, it is important to mention that focusing on a segment where the
Rayleigh wave is generated and where the influence of the interface on its propagation can be ob-
served is sufficient and reduces the modeling time. Additionally, while the length of D3 could be
set to 17 mm, the 0.1 mm is included to facilitate signal detection on the aluminum surface on the
opposite side of the generation point, when required. Moreover, the 15.1 mm of subdomain D; is se-
lected based on the number of the detection points (251 points) and the separation distance between
them (dy = 60 ym) forming a length of (251 — 1) x dy = 15 mm and this subdomain is also extended
by 0.1 mm to ensure that all detection points are within the interface area, avoiding the edges of the
PVC layer.

Additionally, the intermediate layer has a density of pg = 130 kg/m?, which is 10% of the density
of PVC according to analyses by Du et al. [2]. The adhesion characteristics can be modified by
adjusting the Young’s modulus (Ep) of the intermediate layer. This control is linked to the adhesive

stiffnesses K, and K;, as defined by the equation below [3]:

K, = L Eo(1—2o)

n ho (1+Uo)(1—200) (31)
K; = L 5-H0

E= ho 2(T+0p)

Featuring a rigid intermediate layer, the Poisson’s ratio is assumed to be vy = 0. However, this
value can be later modified according to the experimental measurements and the relation between

K, and K;.

¢) Laser pulse modeling

To model laser pulse excitation, two points are created with 200 ym apart, corresponding to the
width of the linear laser source. This excitation source is loaded through a dipole force mechanism,
based on the surface center of expansion (SCOE) by Rose for metallic materials [4]. The load force
is proportional to the function F(t) in equation 3.2 in the thermoelastic regime, characterized by a

full-width half maximum (FWHM) of 25 ns and 7 representing the time to reach the peak amplitude,
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as discussed by Dai et al. [5]. The direction of the applied loads to the first and second points are
—F(t)i and 4F(t)i, respectively, where +i denotes the direction of the unit vector i along the surface

of the substrate [6].

E(t) = — exp <—) CH(H) (3.2)

Where H(t) corresponds to the Heaviside function. Figure II1.2 is a scheme illustrating modeled

laser pulse generating elastic waves on a sample.

—F(t)i F(t)i
Ve

Aluminum substrate

Figure II1.2: Scheme explaining the simulation of the laser pulse.

d) Meshing and time increment conditions

Selecting appropriate values for the time step (At) allows more detailed time resolution of wave
propagation. Moreover, it is important to accurately model the fast-changing dynamics of high-
frequency wave propagation by relatively reducing At.

Similarly, the maximum element size (Ax) is important for the spatial resolution of the mesh used
in the modeling. A smaller Ax results in more accurate simulations up to a specific limit, on the other
hand, it also results in increasing the number of computations thus the time cost.

Equation. 3.3 shows the conditions for selecting the appropriate values of the time increment and
the maximum element size. Assuming a maximum frequency fy;x = 6 MHz, i.e a minimum wave-
length A,,;, = 474 ym for a Rayleigh wave velocity of cg = 2844 m/s for an aluminum substrate, the
selected element size is then Ax = 10 ym limited to 23.7 ym and remains uniform in the domains of

interest. Moreover, the selected time step is then At = 4 ns [6, 7].
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Additionally, a coarse mesh is applied to the PML as it does not require the same spatial resolution
of the wave propagation in the area of interest, based on the observation (after several attempts) of

the wave attenuation in the defined PML subdomain.

At < 5o—
20fmax (3.3)

Amin
Ax <55

1.2 Fundamentals and computational approaches in solid mechanics

In the study of plain strain solid mechanics, the propagation equation (equation 2.5) is used to
calculate the displacements within a material. This fundamental equation ensures that the mass

times acceleration of a material point equals the sum of internal and external forces acting upon it.

a) Total stress

To comprehensively account for different sources of stress, the total stress equation is used:

Sad = S0+ Sext + 54 (3.4)

Such that, S,; is the additional stress tensor, Sy is the initial stress tensor, Sey; includes external
stress contributions, and Sg holds other stress factors such as thermal effects. The software sums
these components to derive the total additional stress tensor at each point in the mesh.

In our model, Sy is zero since no stress is applied initially. Sgy+ accounts for external forces applied
during the simulation, and S; includes thermal stress calculated based on temperature distributions

within the materials and is expressed as:

Sg=a-AT-C (3.5)

where « the coefficient of thermal expansion and AT the temperature change are both constants

and C is the elasticity tensor.
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b) Elastic and inelastic strain

The total strain in the material is decomposed into elastic and inelastic components expressed as:

€ = €] t Einel (3-6)

Where, ¢ represents the total strain tensor, ¢ is the elastic strain tensor, and ¢;,,; denotes the
inelastic strain tensor. The software calculates the total strain by adding the elastic and inelastic
strains, where the elastic strain is derived from the displacement field and the inelastic strain is
defined based on material models.

In our case, ¢, is derived from the normal displacement field and ¢;,,; is constant such that it in-

cludes the thermal strain based on the coefficient of thermal expansion and the temperature change.

¢) Strain-displacement relation

The relation between strain and displacement is described by:

e = % ((Vﬁ)T + va) 3.7)

where ¢ is the strain tensor, i is the displacement vector, and Vi is the displacement gradient
tensor (first spatial derivative of displacement). This equation ensures that the strain is symmetric

and describes the material deformation.

d) Elasticity tensor

The elasticity tensor, which characterizes the material’s response to deformation, is given by:

C =C(ev) (3.8)

where C is the elasticity tensor, ¢ is the strain tensor, and v is Poisson’s ratio. The software calcu-

lates this tensor based on the material properties and the strain tensor at each point in the mesh.
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1.3 Elastic parameters of materials

The input parameters included in the modeling are Young’s modulus E, density p and Poisson’s
ratio v for each material. These parameters determine the mechanical behavior under different loads
and stresses.

To include these parameters into the model, the values of E and v of the aluminum substrate and

PVC film are calculated using equation 3.9 [8].

3c2 — 4¢? c? —2c?
E=p-c? | —L—=1 and v=_L_ " (3.9)
t (sz—c? 2 (cf — )

Where c; and ¢;, are the longitudinal and shear wave velocities. Table IIL.2 recalls the parameters
from table 1.3 of Chapter I (highlighted in blue) and the corresponding calculated Young’s modulus

and Poisson ratios for the materials.

Material o (kg/m®) | ¢; (m/s) | ¢t (m/s) | E (GPa) | v
Polyvinyl chloride (PVC) 1300 1900 760 211 0.40
Aluminum (Al) 2915 6276 3044 72.72 0.35

Table III.2: Young’s modulus and Poisson’s ratio calculated for PVC and aluminum.

By referring to the study of the effect of K;, and K; parameters on the dispersion curves of Chap-
ter II, we can then consider the perfect contact condition is at K, = 2 x 106 N/m® and K; =
10 N/m?, corresponding to the Young’s modulus of Ey = 2 GPa selected for the intermediate
layer from equation 3.1. The results of the simulation at this value are presented in the next section,

which corresponds to the perfect contact condition.
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1.4 Simulation of acoustic wave propagation

(a) ‘ Rayleigh wave ‘ (b) Substrate Film x10'212
l \ L

W

| Longitudinal wave |

© (@

Figure II1.3: Acoustic waves propagating through the structure at different times: t = 0.2 us (a),
t=0.6us(b),t =1pus(c)and t =2 us (d).

Figure I11.3 shows the simulated elastic waves in a 2D amplitude plot over different times of flight,
with amplitude variation according to a fixed maximum and minimum color scale. Initially, at t =
0.2 us (a), the impact of the applied force displays the generation of the longitudinal, shear, head
and Rayleigh waves within the thermoelastic regime on the aluminum substrate. By t = 0.6 us (b),
these elastic waves start to attenuate when propagating in the PML, whereas the surface acoustic
waves undergo reflections when interacting with the film leading to guided waves. Progressing to
t =1 us (c), the dispersion of the surface acoustic wave is observed at the interface, which is further
improved by t = 2 us (d) as the waves continue to propagate.

The detection zone is composed of 251 virtual probes spaced by d; = 60 ym << Apin. Figure 111.4
displays the normal displacement of 32 signals selected out of the 251 by the 8% signal of the virtual

probes. The initial signal (black) illustrates the Rayleigh wave in the aluminum substrate.
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Figure III.4: Representation of 32 signals obtained from the blue virtual probes.

Signals in figure II1.4 present the influence of the interaction of the surface acoustic wave propaga-
tion with the layer in perfect contact adhesion condition, showing an increase in the dispersion with
wave propagation at the interface. This implies that a larger distance of surface acoustic wave prop-
agation at the interface results in a more significant dispersion due to the increase of the reflections
within the boundaries of the film.

The two-dimensional Fourier transform (2DFFT) is used to verify the simulation that models the
influence of adhesion on the propagation of surface acoustic waves. This technique allows the deriva-
tion of the dispersion curves in the wavenumber-frequency domain when applied to the detected

signals. The mathematical formulation of the 2DFFT is given by:

S(ky, f) = / / s(x, £)e TR+ gy gy (3.10)

where s(x, t) is the time-space data, ky is the wavenumber, and f is the frequency. The resulting
S(kx, f) provides a plot of the dispersion curves f(k) and how the phase velocities V,,(f) = 2%: of

the waves vary with frequency.
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The 2DFFT allows to reveal the detailed dispersion characteristics of the material under investi-
gation. By transforming the time-domain signals into the frequency-wavenumber domain, we can
analyze the impact of the layer’s elastic properties on wave propagation.

This approach has advantages in non-destructive testing with its ability to show the dispersion
characteristics (loading, stiffening, or intermediate case) of surface modes for the structure under

investigation. Figure IIL.5 presents the results of this transformation.

15 1
= 0.8
Eo
> 10.6
E

= 1 0.4
55
= 0.2
B .
0 0
0 1 2 3 4 5 6

Frequency (MHz)

Figure III.5: Wavenumber-frequency diagram from the model and the theoretical dispersion dashed
curves in perfect contact condition.

The spectral amplitudes of the modes in figure IIL.5 are normalized and correspond to the color
bar, showing high amplitudes at specific wavenumber-frequency values where the surface modes
exist. The results show five distinct modes in the frequency range (0 < f < 6 MHz) where the first
and the fourth modes have weak amplitude and are difficult to distinguish without the verification
of the theoretical ones (dashed curves). However, the second, third and fifth modes are visible and
reach up to a certain part of the theoretical ones at a specific range of frequency.

After tracking the maximum amplitudes at each frequency value, we can plot the phase velocity

dispersion curves obtained from the model. Figure III.6 displays the phase velocities determined at
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the peak amplitudes for each frequency value of the modes identified in the wavenumber-frequency

domain.
3500 | | —
(Mode 1) ' (Mode2) (Mode 4
3000 " - Se— ¥
E12500
2z
22000 -
=
<P}
> 1500
21000
é 500 - — Theory (perfect contact) L
-+ Modeling at K =2x 10" N/m°, Kt=1016 N/m’
0 | | ] ] ]
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Figure II1.6: Phase velocity dispersion curves obtained from the model with theoretical verification.

The first and fourth modes show low resolution and complicate the determination of the impact
of adhesion quality on these modes. However, the second, third and fifth modes, characterized by
their high resolution and spectral amplitudes facilitate the ability to distinguish experimentally the
effect of adhesion quality on these modes. In the next section, we will investigate the influence of the

adhesion strength on the dispersion curves of surface modes.

2 Studying the uniform adhesion quality

In this section, we will present the effect of the adhesion strength on the dispersion of the surface
acoustic waves. This study is divided in two parts: the first part presents the influence of the uniform
adhesion strength on the surface acoustic wave propagation showing the frequency distribution of
the signal in a scalogram for each adhesion level. In the second part, we will discuss the dispersion

curves for each adhesion level associated with their corresponding signals obtained in the first part.
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2.1 Influence of adhesion on surface acoustic wave propagation

Different adhesion levels can be obtained by varying the value of Young’s modulus of the interme-

diate layer which corresponds to specific values of K;; and K; as expressed previously. The simulated

values are presented in table III.3.

Eo (MPa) 0.1 1 10 100 1000
K, (N/m?) | 102 103 101 105 10'°
K; (N/m®) | 5x 10" | 5x 102 | 5x 10" | 5x 10" | 5 x 101°

Table II1.3: Stiffness coefficients K, and K; for different values of Young’s modulus.

We have previously shown in Chapter II, that values of K;, and K; in the order of < 1012 N/m? are
considered weak adhesion. Whereas a values of > 10" N/m? are considered good adhesion.

Figure IIL.7 clarifies the aim of the study, where the two black points represent the laser pulse
source by loading —F(t)i on the first point and +F(t)i on the second one. The blue dots represent
the virtual probes where the detection occurs on the substrate’s interface and the last red point is
the virtual probe at which the surface acoustic wave signal that passes through the film is detected
on the substrate surface. The intermediate layer shows the adhesion parameters related to Young's
modulus for the chosen value of Poisson’s ratio vy = 0, representing a non-deformable layer. The
aim is to display the detected signal at the red virtual probe and its frequency distribution over time,

then to show the dispersion curves associated to this signal.
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Figure IIL.7: Uniform adhesion illustrated in the intermediate layer and used in the model.

Figure III.8 illustrates the signals detected at the red point for different adhesion levels. A low-pass
filter of 4 MHz cut-off frequency was applied to these signals in order to approach the experimentally
detected ones. These signals show that a higher adhesion strength increases the dispersion of the

surface acoustic wave to a certain limit (the perfect contact condition).
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Figure IIL.8: Signals obtained at the red virtual probe with different adhesion parameters.
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2.2 Frequency-time analysis of the signals

Figure II1.9 represents the Fourier transform of the signals detected at the red point for this study.

2]

—K_=10""N/m*, K =5x10"" N/m®
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Frequency (MHz)

—
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Figure IIL.9: Spectrum of the signals obtained at the red virtual probe with different adhesion param-
eters.

The black and blue curves represent the spectra at low adhesion values (K; = 5 x 10" N/m? and
K¢ = 5 x 10'2 N/m?, respectively). These spectra have overlapping peaks in the frequency range of
1 — 3.5 MHz. The red, green, and magenta curves represent the spectra at higher adhesion values
(K¢ = 5x 10" N/m?, K; = 5 x 10" N/m?, and K; = 5 x 10> N/m?, respectively). The peaks of
these spectra become more separated. Moreover, these spectra are observed in a lower frequency
range of 0.4 — 2.8 MHz. The maximum normalized amplitudes shift to lower frequencies, indicating
a change in the surface mode behavior.

The separation of the peaks in the spectra at higher adhesion values suggests the presence of mul-
tiple surface modes. To observe the dispersive nature of surface acoustic wave propagation, the con-
tinuous wavelet transform is performed using the Morlet mother wavelet expressed in equation 3.11

showing the frequency distribution over time of the signals [9, 10].
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The Morlet mother wavelet is chosen for the continuous wavelet transform (CWT) due to its su-
perior time-frequency localization properties. The mathematical definition of the Morlet wavelet,
Mor(t) = \/LE exp(—t?) - exp(27tit), shows that it consists of a Gaussian window modulating a com-
plex exponential function. This structure ensures good time localization and frequency localization,
making it ideal for analyzing signals with varying frequency content over time. The characteris-
tics of the Morlet wavelet, as illustrated in Figure 4.26, show that it can capture both the amplitude
and phase information of the signal, which is crucial for detailed signal analysis. Additionally, its

widespread usage in signal processing underscores its reliability and versatility. Therefore, the Mor-

let wavelet is an optimal choice for analyzing the frequency distribution of signals.

L it (3.11)

v ==

Figure II1.10 illustrates the characteristics of the Morlet wavelet.
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Figure II1.10: Characteristics of the Morlet wavelet used as the mother wavelet in the continuous
wavelet transform.

The advantage of time-frequency analysis using the Morlet wavelet is that its Gaussian shape

99



Chapter 1I1. Studying the influence of adhesion strength by finite element modeling

reduces the ripples that appear as oscillations, common in filters with sharp cut-off frequencies. Sec-
ond, temporal resolution is retained when a Morlet wavelet is convolved with a signal. The Morlet
wavelet convolution process on the other hand is computationally efficient and easy parameters ad-
justment compared to other wavelets. With its good time-frequency concentration and Gaussian
envelope, the Morlet is preferred in continuous wavelet transform. It offers a good analysis of high-
frequency as well as low-frequency oscillations making it a good tool in signal processing [11]. Fig-

ure IIL.11 presents the scalograms of the signals with their corresponding adhesion parameter.
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Figure II1.11: The results of the square of the modulus after applying the wavelet transform.
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These scalograms are the square of the modulus of the wavelet transform with a temporal resolu-
tion Ts = At = 4 ns. At Eg = 0.1 MPa and Ey = 1 MPa (a-b), the adhesion is weak and the surface
acoustic wave does not interact with the elastic characteristics of the PVC film at the interface, there-
fore the scalogram shows no dispersion and the frequencies arrive at the same time. However, at
Ey = 10 MPa (c), the scalogram indicates that the surface acoustic wave interacts with the film at
the interface and the adhesion is considered strong due to the obvious dispersion in the frequencies
over time. By Ey = 100 MPa and Ey = 1000 MPa, the frequency distribution is almost the same. The
interaction of the surface acoustic wave with the film reaches its maximum when Ey > 1 GPa and
the adhesion is in its perfect contact condition.

The sudden shift observed between the cases Ey = 1 MPa and Ey = 10 MPa indicates a high

sensitivity of the surface acoustic waves to changes in adhesion quality.

2.3 Dispersion curves in studying uniform adhesion interface

As previously explained, by tracking the maximum amplitude for each frequency in the wavenumber-
frequency domain, we can then plot the phase velocity dispersion curves. Figure III.12 presents the

impact of adhesion strength on the SAW dispersion curves by progressively increasing Ey.
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Figure II1.12: Surface acoustic wave dispersion curves influenced by adhesion strength in the mod-
eled cases.
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The low resolution of the first mode makes it challenging to characterize the adhesion quality us-
ing this mode. However, in cases of weak adhesion, the curves approach the Rayleigh wave velocity
of the substrate cg = 2844 m/s. Consequently, multiple modes appear when the adhesion increases,
with modes 2 and 3 being the most responsive to adhesion variations within the frequency range
0 < f < 6 MHz. Modes 4 and 5 are closer to the cg of the substrate, making it difficult to observe
their modifications experimentally.

In the previous studies of the influence of the adhesion parameters K, and K; on the surface modes
dispersion curves in Chapter II, we have seen that the curves converged towards the Lamb modes
of the film and the Rayleigh wave velocity of the substrate when the adhesion decreases. However,
this method shows that the film Lamb modes are not observed if the measurements are done at the
interface in the case of weak adhesion or total detachment and the curves only converged toward the
Rayleigh wave velocity of the substrate, this is due to the detection of the signals on the surface of
the substrate. Hence, we observe the normal displacements that occur on the substrate. In the next

section, a similar model is presented, to study the effect of the adhesion zone.

3 Studying the non-uniform adhesion quality

Adhesion was considered uniform across the acquisition distance in the previous simulation. In
contrast, the following study aims to investigate the effect of the average adhesion strength, taking

into account non-uniform adhesion at the interface. Figure III.13 illustrates the goal of the simulation.
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Figure II1.13: Non-uniform adhesion illustrated in the intermediate layer of the model.
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The intermediate layer is divided into two subdomains to model the non-uniform adhesion inter-
face. In the first subdomain, adhesion strength is set at the perfect contact condition where Young’s
modulus is Eg = 2 GPa > 1 GPa according to the previous study. However, the second subdomain
represents the weak adhesion condition with Young’s modulus Ey = 10 Pa. These values of adhe-
sion strengths are constant and the length 4 of the first subdomain is progressively expanded in this

study, leaving the rest (subdomain 2) of length (15.1 — d) mm with weak adhesion strength.

3.1 Analysing the frequency distribution of the signals

Starting with an adhesion zone of 4 = 1 mm and incrementally enlarging it by 2 mm, we observe
eight signals that analyze how the propagation behavior of the surface acoustic wave is influenced.
Moreover, the propagation distance between the generation and the red virtual probe remains con-
stant for this study.

Figure III.14 illustrates the effect of varying the adhesion distance d on the interaction of the
Rayleigh modes with the PVC film at the interface. Similarly, a 4 MHz low-pass filter is applied

to the signals approaching the experimental ones.
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Figure III.14: Signals detected at the red virtual probe with increasing the adhesion distance d.

The resulting signals show that the propagation of the surface acoustic wave at the interface inter-
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acts significantly with the PVC film at a larger adhesion distance. Therefore, we can conclude that
the wave interacts with the film only in the range (d) that is defined as a perfect contact.

The eight signals are compared to the one with d = 0 mm (in black), at which the film is detached.
The signal undergoes no dispersion at d = 0 mm. Atd = 1 mm shows a slight change in the
signal, while at d = 3 mm, the dispersion becomes more evident, eventually reaching a limit in their
dispersion for d > 11 mm.

The detected normalized amplitude starts with signals that have relatively short wavelengths. As
the adhesion distance d increases, the signals become progressively wider, indicating an increase in
wavelength. This suggests that a larger adhesion area influences wave propagation at the interface,
resulting in a shift towards a lower frequency range. Whereas, at smaller adhesion distances (d = 0
mm), the signal shows a shorter wavelength of higher frequency Rayleigh wave. This behavior
illustrates the impact of adhesion distance on the propagation characteristics of the wave, where
larger adhesion areas reduce the frequency and increase the wavelength of the detected signals.

Figure II1.15 presents the spectra of these signals for a better analysis.
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Figure III.15: Fourier transform of the detected signals at the red virtual probe with increasing the
adhesion distance d.
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The Fourier transform of the detected signals confirms the previous analysis. The black and blue
curves represent the spectra at smaller adhesion distances (d = 0 mm and d = 1 mm, respectively).
These spectra have overlapping peaks in the frequency range of 1 — 3.5 MHz and show amplitude
attenuation after 4 MHz due to the applied low-pass filter.

As the adhesion distance increases, the spectral peak amplitudes are separated and shifted to-
wards lower frequencies 0.4 — 2.8 MHz. This shift is observed as an attenuation in the amplitude
of higher-frequency components and an increase in the amplitude of lower-frequency components.
Therefore, the larger adhesion areas increase the wavelengths of the wave observed in the time-
domain signals.

Similarly, the continuous wavelet transform offers a better analysis of the dispersion characteris-
tics of surface acoustic waves concerning the adhesion zone, as depicted in the scalograms of fig-

ure II1.16.
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In (a) and (b), the dispersion is comparable to that when the adhesion is weak and the frequency
values arrive at the same time with slight changes in (b). However, the shifting of the amplitudes
starts in (c) indicating a dispersive signal. In (d) and (e), the signals start to show low-frequency
components, indicating a further shift in the frequency spectrum as the adhesion area increases. The
adhesion starts to improve progressively and becomes more related to strong adhesion due to the
dispersion observed in (f) and (g). Moreover, (h) and (i) demonstrate that the low-frequency com-
ponents are more stable and the energy is distributed in time with a larger adhesion area indicating
multiple surface modes and an increase in the dispersion of the signals reaching the perfect contact
limit.

This additional analysis highlights the continuous transition from high-frequency to low-frequency
dominance in wave propagation as the adhesion area increases. The wavelet transform presented
this shift in frequency content over time and provided a good approach to the adhesion area impact

on the interaction of SAW with the interface.

3.2 Dispersion curves in studying non-uniform adhesion interface

Figure II1.17 shows the influence of the variation of d to the dispersion curves.
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Figure III1.17: Comparison of non-uniform adhesion dispersion curves with the ones relative to the
perfect contact case.
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The results indicate that with a weak average adhesion strength (d = 3 mm), the dispersion curves
approach the Rayleigh wave velocity of the substrate (ck = 2844 m/s). As d increases up to 11 mm,
indicating stronger adhesion, the curves split into multiple modes and progressively converge to-

wards those of perfect contact condition.

4 Electro-adhesion: a modeling approach

Using the default equations and studying the electrostatics. The electric potential, V, in the region

of interest (absent of free charges), obeys Laplace’s equation [12]:

V2V =0 (3.12)

However, if there are free charges present, the electric potential is governed by Poisson’s equation:

V2V = —g (3.13)

Where V2 is the Laplacian operator, p represents the free charge density and ¢ is the permittivity of
the material, typically expressed as ¢gp¢,, the product of vacuum permittivity g and the relative per-
mittivity e, of the material. Subsequently, the electric field, E, can be determined from the negative

gradient of this potential:

E=-VV (3.14)

This electric field can then be evaluated specifically at the surface of the dielectric element.

4.1 Electro-adhesion effect

As previously introduced in Chapter I, the electro-adhesion occurs due to induced attraction forces
generated by the electrodes. The expected force responsible for this adhesion results in an induced

pressure in the range of the electric field. This pressure can be theoretically quantified by the Maxwell
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stress tensor considering a uniform electric field. A previous research focused on contact EA pads
modeled as parallel plate capacitors. In this section, we refer to a model by Jiubing Mao et al. [13]

aiming to validate the values of Maxwell’s stress tensor.

4.1.1 Modeling the EA pad electrode effect

The model examines an EA pad composed of multiple electrodes alternately charged with posi-
tive and negative voltages of identical magnitude. Figure II1.18 illustrates the EA pad, focusing on a
segment of the system, taking a single electrode forming a parallel plate capacitor setup. This sub-
system consists of an electrode plate charged with either a positive or negative voltage, placed on
a dielectric insulator of relative permittivity ¢, and a thickness of d;, followed by an air gap with

a relative permittivity ¢,, and a thickness of d, and finally, the second plate, which is a grounded

conductor.
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Figure II1.18: Schematic of the Electro-Adhesion (EA) Pad with Parallel Plate Capacitor Design [13].

A three-dimensional electrostatic model is developed. The plates in this model are assumed to
be a squared shape with a side length L calculated from [13]. These parameters are summarized in

Table I11.4.
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Side Length L (mm) | Thickness d; (um) | Relative Permittivity ¢,,
Copper 10.95 — —
Polyimide 10.95 dy =25 g, = 3.5
Air 10.95 dy=>5 g, =1

Table III.4: Model parameters for different materials.

The detailed dimensions and geometry of the model are depicted in Figure II1.19. This figure
illustrates the surface where the integration of the Maxwell stress tensor is calculated. The structure
is positioned within an air medium with a side length of 2L and thickness of 1.5 mm. Positioning
the structure within an air medium can be an initial model for further studying the non-contact EA

effect. However, this does not affect the results.
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Figure III.19: Detailed dimensions of the model Geometry showing the surface for the calculated
integral of Maxwell stress tensor.

The EA force can be calculated using default equation settings, which compute the electric force F,

110



Chapter 1I1. Studying the influence of adhesion strength by finite element modeling

by determining the electric field E induced at each element based on the input boundary conditions.
These latter correspond to the grounded conductor (i.e., the top plate U = 0 (kV)) and the terminal
electrode loaded with voltage U (kV). The well-known Maxwell’s stress tensor equation, in the

absence of a magnetic field, is expressed as follows [14]:

1
Tij =& (EIE] — ESEzéij) (315)

Where ¢ and J;; represent the relative permittivity and the Kronecker delta, respectively. Due to the
existence of simulated values of Maxwell’s stress tensor in opposite directions normal to the surface
in the z direction, which is caused by the effect of different materials, it becomes essential to calculate

the jump in Maxwell’s stress tensor. This jump is denoted by (T,) such that [15]:

<TZZ> = Tz—; - Tz_z (3.16)

T;; and T, correspond to the values slightly above and below the surface in the z-direction, respec-
tively. The electrostatic adhesion force is derived by integrating (T,) over the surface, as illustrated
in Figure II1.19 and can be expressed as follows [13]:

e, - €2 -go - U?

E, = 2 .S 3.17
“ T2 (e, dat ey )2 (3-17)

Results of Maxwell’s stress tensor

This model shows that a uniform electric field norm corresponds to a uniform Maxwell stress
tensor norm due to the parallel plate structure. Figure. II1.20 presents the integration of the Maxwell

stress tensor evaluated over the desired surface, thereby verifying the accuracy of the model [13].
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Figure II1.20: Calculated F, from the theoretical derivation equation 3.17 and the integration of
Maxwell stress tensor by simulation

As the voltage increases from 1 kV to 3.5 kV, the Maxwell stress tensor also increases from 1.0 N
to 12.6 N. Although this model is for parallel plate electrodes, this evaluation is important for EA
simulations, as it should provide methods for modeling the threshold voltage value at which the
layer adheres to the substrate.

The complexity of modeling the SAW interaction with adhesion conditions affected by an electric
field source in a multiphysics model lies in many factors that need to be considered. This section

outlines the main factors and limitations:

* Dielectric strength: is important in such models and can be influenced by the thickness and

quality of the dielectric film considered.

¢ Adhesion of the layer to the substrate: Some layers adhere to certain substrates when an ap-
plied pressure is used. When using an EA device in such model, this threshold pressure at
which the film adheres should be evaluated and confirmed experimentally to ensure it can be

accurately included in the model.

* The air gap between the dielectric and the substrate: This is essential in such models. As this
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must decrease over time while voltage is applied, the model should be time-dependent for both

the electric and the acoustic simulation.

¢ Interface boundary condition: This is the most important factor. The results of the Maxwell
stress tensor should be transformed into a boundary condition that defines the adhesion strength

of the interface to simulate the SAW interaction accurately.

Conclusion

In this chapter, the results of the finite element model in studying the surface acoustic wave inter-
action with the interface of a thin layer and a substrate were displayed and discussed.

In the first part, the geometry of the model was explained, with the dimensions of each subdomain
and justified as well as the conditions to generate the acoustic waves in the simulation.

Then two studies were examined. First, the uniform adhesion strength was studied with its sen-
sitivity to the adhesion parameters. Then, the non-uniform adhesion strength was investigated by
splitting the intermediate layer into a zone with a fixed high-value Young’s modulus and the other
zone with a low one.

The results show that higher adhesion quality or higher adhesion zone results in more disper-
sive signals. The dispersion curves of these signals shift towards the perfect contact condition in
both studies. However, in the uniform case, the curves showed the Rayleigh modes at which that
corresponds to a value of the stiffnesses. Whereas, in the non-uniform case, as we have inserted a
fixed value of the stiffnesses (which is in this study the perfect contact case), the curves showed a
convergence from the Rayleigh wave velocity of the substrate towards the perfect contact case.

Moreover, the evaluation of the electro-adhesion effect using the integration of Maxwell’s stress
tensor is necessary for characterizing the EA devices. It shows that the increase in the potential
difference increases the electro-adhesion effect (experimentally up to a certain limit depending on
the dielectric strength). The verification of the model can be a starting point for modeling more

complex EA devices for further studies.
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Chapter IV

Surface acoustic waves characterization of

adhesion induced by an electric field source

Introduction

Many papers have investigated adhesion using different methods, including ultrasonics. The
electro-adhesion effect has been studied recently as the researchers predicted the presence of electro-
static forces at the interface. However, it is challenging to evaluate their quantitative behavior due to
the complexity of the electrical, chemical and mechanical forces at the interface [1, 2, 3].

As mentioned in Chapter I, the electro-adhesion between coatings and substrates can be controlled
by modifying their potential difference. However, there are also limitations to be considered such as
specific materials that interact with EA devices, not designed for complex shapes and difficulty in
controlling the forces [4, 5, 1].

This technology has potential applications in many fields, including robotics, packaging and
human-machine interaction. In comparison to traditional adhesion methods, EA has the advantage
of being fast and capable of handling sensitive surfaces [6]. It also eliminates the need for adhesive
intermediate layers of non-uniform thickness.

This chapter discusses the principles of electro-adhesion using an electrode-based EA device and
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its associated constraints. Moreover, we explore the attractive forces generated between a PVC film
and an aluminum substrate. This is followed by a description of the EA device used in experimental
investigations, specifying the challenges in defining adhesion levels and the experimental setup for
Laser-Ultrasonics.

Concerning the experimental studies, we conduct experiments for different dielectric materials to
explore the impact of the electric field on adhesion strength. Then, we investigate the effect of an
electro-adhesion device on the interface boundary between a PVC film and an aluminum substrate
for generating multiple levels of adhesion and the influence of these levels on the dispersion curves
of surface acoustic wave providing an estimation of the adhesion properties by solving the inverse
problem. Finally, we integrate the comparison with the finite element model that simulates surface

acoustic wave interaction with interface conditions according to the experimental results.

1 Initial testing of a uniform electric field

In this part, we will explain the effect of applying the potential difference between two electrodes
and generating attractive forces. This test was necessary to indicate the dielectrics that respond well
to EA.

An aluminum plate is fixed to a solid handle at the top, while a copper film (electrode) adheres
to the underside of the PVC surface. In this experiment, a motor controlled by software moves the
upper part (aluminum plate) downwards to make contact with the PVC film. Subsequently, the plate
is moved upwards to examine the adhesion between the PVC film and the aluminum plate. This test

setup is depicted in Figure IV.1.
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Fixing screws I <~—— Displacement
A Voétage generator

, A8 AN «—— Aluminum
AN o
SR A ~— PVC
N ’ I — S Copper

T

Nylon support «—— Nylon support

Figure IV.1: Experimental setup for testing the adhesive forces using a motor for translation.

1.1 Induced Maxwell stress tensor on PVC film

Studying adhesion affected by the electric field is directly linked to the electric properties of the
materials. A Copper (Cu) film and aluminum plate were included as electrodes and a U = 2.5 kV
potential difference was applied to demonstrate the effect of the electrostatic field on the adhesion of

the film with polyvinyl chloride as the dielectric material.
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Figure IV.2: Diagram representation of the experimental setup.

Figure IV.2 shows the diagram of testing the effect of electrostatic forces on film adhesion. This

system is comparable to a parallel plate capacitor as previously modeled. However, the copper plate
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is smaller in area than the aluminum plate which has the same area as the polyvinyl chloride film.

The measured parameters of each element are as follows:

Material Thickness (um) | Area (cm?) | Relative Permittivity (e,) [7]
Aluminum 1350 49 —
Copper 80 25 —
Polyvinyl Chloride 215+5 49 3.3

Table IV.1: Properties of different dielectric elements that are commonly used in scientific studies.

When 2.5 kV is applied across the plates, electrical charges are stored on the surface of each plate,
establishing an electrostatic field between the plates. The dielectric material polarizes due to this
tield, leading to a local realignment of charge within the dielectric (as dielectric materials do not con-
duct electricity). This polarization can result in the generation of electrostatic forces at the interface
between the dielectric and the plates. The accumulation and distribution of charges on the plates fol-
low the laws of electrostatics, with positive charges accumulating on one plate and negative charges

on the other.

(a) (b)

Figure IV.3: Magnitude of electric field for a single infinite plate (a) and for a parallel plates capacitor

(b) [6].

The electro-adhesion forces are simulated using the model in Chapter IlI for different voltages, the

Maxwell stress tensor in the result of the integration over the area of the PVC film at the interface:
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Figure IV.4: Electro-adhesion force variation as a function of voltage variation.

Figure IV.4, shows a similar increase of the electrostatic force to the voltage, to the increase of the
modeled one in the previous section by the Maxwell stress tensor.

In this section, we present the effect of electrostatic forces on the adhesion of PVC to aluminum.
While polyvinyl chloride naturally adheres to aluminum, electric forces are typically weak to signif-
icantly enhance this adhesion. High voltages are required to impact this effect. Accordingly, this test
is designed to study the influence of an applied voltage U (with 0.5 kV < U < 3 kV) on the adhesion
of PVC to aluminum.

It is important to mention that if the upper plate continues to move downwards after making
contact with the film, it will apply a certain pressure of undetermined magnitude, facilitating the
adhesion of the PVC film to the aluminum substrate. Therefore, the upper plate is carefully stopped
when the film makes a slight touch to the aluminum plate. While it is challenging to completely
avoid exerting any pressure, it is possible to minimize it, ensuring that it remains below the critical
threshold that would induce the film’s adhesion.

The results in Figure IV.5 indicate that there is no adhesion between the aluminum surface and the

PVC film. The copper film does not influence the adhesion effect while no voltage is applied.
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Aluminum

Aluminum
PVC

Copper
(attached to the lower surface of the PVC layer)

Figure IV.5: The aluminum plate while it is in contact with the PVC-Cu sample (a) and the result
after the aluminum plate is released (b).

The results in Figure IV.6 demonstrate that the applied potential difference influences the adhesion
between the PVC film and the aluminum plate. In (a), the aluminum plate is moved to the same
position reaching a slight contact with the PVC film, in the same way mentioned previously and
then a 2.5 kV voltage is applied. The sample is lifted upwards after turning the voltage off and the
results in (b) confirm the adhesion of the PVC film to the aluminum plate.

This test is also done using polypropylene and polyethylene terephthalate as dielectrics, where
they attach to the aluminum as long as the voltage is applied. However, once the voltage is switched
off, the dielectrics detach after a short period (when the weight of the dielectric-Cu sample surpasses
the electrostatic forces present in the capacitor during natural discharging), unlike the polyvinyl

chloride film which takes a longer time to detach.
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(b)

Figure IV.6: The aluminum plate in contact with PVC-Cu sample (a) and the result after applying
voltage (b).

1.2 Induced attraction forces

The attraction forces between the PVC film and the aluminum plate are not distributed uniformly
across the surface of the dielectric material due to the difference in the area of the conductors. In
figure IV.7, an experiment is presented to investigate the possibility of the motor’s pressure on the
dielectric material being a contributing factor to the observed adhesion between the PVC film and

the aluminum plate.
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onnecting wire

’

(b)

Figure IV.7: A connecting wire forms a short circuit (a) and after removing the short circuit (b).

In (a), a connecting wire (short circuit) across the system cuts off the current through the plates
and then the aluminum plate is moved plate to approach the PVC-Cu sample. The results of this
experiment show no effect of attraction.

In (b), the connecting wire (short circuit) is removed and the aluminum plate is moved closer to
the PVC-Cu sample. The results show a slight force that attracts the PVC film towards the aluminum
plate.

Although the motor’s pressure on the dielectric material may be a factor in the observed adhesion
between the PVC film and the aluminum plate. However, the adhesion is primarily influenced by the

pressure induced by electric forces between the plates, taking into account the previous experiments.
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2 Experimental mechanism and configurations

2.1 Laser-Ultrasonics setup

Figure IV.8 illustrates the setup used to generate acoustic waves, employing a frequency-doubled
Nd:YAG laser with a 10 ns Q-switch that produces 532 nm wavelength pulses of a frequency at
f = 10 Hz. By using a cylindrical lens, these laser pulses are shaped into a linear source of ap-
proximately 6 mm in length and 0.2 mm in width. The energy of each pulse is kept below 5 mJ to
remain within the thermoelastic regime, which is conducive to optimal acoustic energy production

perpendicular to the line source and generated from this line midpoint for surface acoustic waves.
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Figure IV.8: Laser-Ultasonics experimental setup.

The detection of the normal displacements of surface acoustic waves is performed using a Mach-
Zehnder interferometer, which operates within the frequency spectrum of 200 kHz to 45 MHz. To
optimize the signal-to-noise ratio, a low-pass filter with a 4 MHz cutoff is employed and the signal
processing includes the averaging of 16 consecutive signals, i.e 16 laser-pulses. Surface acoustic

waves propagate through the interface between the PVC film and the Al substrate and are detected
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on the aluminum substrate’s surface.

2.2 Methodology of the experiments

The generated surface acoustic wave propagates between the PVC film and the aluminum sub-
strate and is affected by their elastic characteristics at a certain adhesion level creating dispersion in
the signal. Figure IV.9 illustrates the two different configurations of the experimental methods, each
has a specific purpose.

To obtain information about the film’s adhesion, the generated linear source is located on the
substrate’s surface as a first configuration, enabling the surface acoustic wave to propagate across
the entire width of the film. The film’s transparency also allows the generation at the interface as
the second configuration, facilitating the extraction of the dispersion curves from signals generated
at the interface. The detection point of the interferometer is fixed at the substrate’s surface in both

cases.

Laser pulse

1 1 1
QO pm :
1 1 1
:‘ : 15 mm ‘:
I‘ 1 'I
- , 17 mm L
i | e
! ! PVC film !
! Y Y Y

T A
27 Configuration '

1%t Configuration Fixed Detection Point

Aluminum substrate

——> Laser pulse generated on aluminum in 1 configuration

- - - > Laser pulse generated on aluminum at the interface in 2" configuration

Figure IV.9: Experimental configurations.
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3 Influence of the point source EA device on film adhesion

The previous test was composed of a copper conductor that was glued at the surface of the dielec-
tric. It is known that the surface acoustic waves are sensitive to the adhesion condition as well as the
thickness of the film, hence, it is quite complicated to use this EA device system to study adhesion
using ultrasonics. Therefore, a non-contact EA pad system is included in the experiment and differ-
ent dielectric materials are tested to check their adhesion response to this EA pad by generating and

detecting surface acoustic waves.

3.1 Introducing the electric field point source

The sample consists of a PVC layer with a width of 17 mm, a height of 4 cm and a thickness of
215 £ 5 ym. This layer is placed on top of an aluminum square block, which has dimensions of
9.8 cm in width and length and height of 4.4 cm. Figure IV.10 (a) depicts the EA pad used, with
thirteen sharp tips pointed electrodes connected to a Direct Current (DC) voltage generator. The
experiment focuses on the interaction of a single electrode tip with the sample to characterize the
EA pad’s adhesive effect, the other tip sources of the pad are covered with an insulating layer, as

illustrated in (b).
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el

( Electric Field Source)

Figure IV.10: (a) 13 tip sources of the EA pad. (b) A single tip source is exposed to the sample.

3.2 Effect of the EA pad on different films

In this section, we aim to indicate the materials that can be affected by the source of the electric
tield by generating and detecting surface acoustic waves. This is achieved using the setup of the first
configuration, where the wave travels through the entire interface.

The sharp tip faces the middle of the sample, positioned 2 cm away from the aluminum sur-
face. The three dielectrics of polypropylene, polyethylene terephthalate and polyvinyl chloride of
thicknesses 50 ym, 100 ym and 215 um respectively, are placed facing the electric field source. It
is necessary to select an initial voltage value at which the dielectrics can be weakly attracted to the
substrate. Therefore, a voltage of 3.4 kV is selected at which the dielectrics are slightly affected and

attached to the aluminum block. At this voltage level, the dielectrics are easily repositioned or slid.
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This setup is illustrated in figure IV.11.

......

- (Interférometer ) (Cylindrcll

ens

Figure IV.11: Setup of the experiment for testing the effect of electro-adhesion on SAW wave propa-
gation for different dielectrics.

The results in figure IV.11, demonstrate the impact of EA source at a voltage of U = 20 kV on
different films. Among these, the polyvinyl chloride shows a notable response. The dielectrics used

in the experiment have the same dimensions of 17 mm width and 4 cm length.
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Figure IV.12: Effect of electro-adhesion on different dielectrics.

3.3 Electro-Adhesion pattern of PVC film on Al substrate from a point source

The PVC film is positioned on the aluminum substrate without an intermediate adhesive layer.
The smoothed aluminum surface facilitates the attachment of the PVC when pressure is applied,
predicting Van der Waals forces as the adhesive forces [8], which become stronger as the surfaces
approach each other [9, 10]. The electric field source is generated by the tip source as a non-contact
EA pad to enhance this pressure, thereby improving the adhesion via electric forces between the PVC
film and the conductive substrate.

Figure IV.13 shows the electro-adhesion source tip positioned two centimeters from the central
area of the PVC film. This source is maintained at a constant voltage for a certain adhesion level,
while the conductive aluminum substrate is connected to the ground, resulting in a potential differ-

ence.
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Figure IV.13: One tip source fixed at 2 cm from the aluminum substrate.

The DC generator is capable of producing voltages ranging from 0 < U < 30 kV, inducing a
charge Q to the tip electrode. The resultant potential difference creates dipoles at the sample inter-
face, leading to electric pressure due to the electric field induced by the charge Q.

The EA system is positioned in a horizontal plane that is above the horizontal plane used for the
Laser. Besides, the sample is placed on a computer-controlled motorized table. This setup allows
the sample to be moved upward facing the EA pad to apply the voltage and then repositioned to its
initial location for the generation and detection of acoustic waves.

The film must be carefully positioned on the aluminum surface without applying external pres-
sure. It should then be exposed to a low voltage that allows the film to contact the substrate for
a sufficient duration. The effect on the SAW should be evaluated before gradually increasing the
voltage to higher values.

Following the initial observation of the EA effect at 3.6 kV acoustic waves are generated every
5 minutes after the voltage application. The dispersion of these waves becomes consistent after

90 minutes. Therefore, the voltage values are applied for 90 minutes to reach a stable adhesion effect.
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These EA effects can be observed under a specific image acquisition device and the results for each

adhesion level are displayed in figure IV.14.

(@) U=0kV (b) U =36kV (c) U=37kV

d=9.5mm d|=13.2mm

d=17.5 mm

(d) U =38kV (e) U=4kV () U=44kV

(g U=63kV

Figure IV.14: Effect of the electric field source level on the adhesion of PVC film to the Al substrate.
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Initially, the film is placed on the substrate for 2 hours to examine its natural adhesion properties
without any external pressure. The result of this experiment is illustrated in figure IV.14 (a). Then
the voltage U is increased incrementally by 0.1 kV starting from 3.6 kV. The EA effect progressively
increased at 3.8 kV. At voltages of 3.9 kV and 4.0 kV, the film displays wider adhesion areas. Full
adhesion along the horizontal plane is achieved at 4.4 kV and when the voltage reaches 6.3 kV, the

entire surface of the film adheres to the substrate.

4 Characterization of the adhesion patterns via surface acoustic
waves

In this section, we analyze the impact of electro-adhesion on the propagation of surface acoustic
waves for each adhesion level. Initially, the laser pulse is directed onto the substrate’s surface using
the first experimental configuration. Subsequently, the second experimental method is used to obtain
the dispersion curves, which illustrate their evolution with changes in the adhesion level. Next, the
inverse problem is solved to estimate the adhesion strength assuming uniform adhesion of a specific
pattern. Finally, the estimated adhesion parameters are integrated into a finite element model to

simulate the interaction of surface acoustic waves to the adhesion pattern observed experimentally.

4.1 Analysis of the surface acoustic wave signals at different adhesion levels

Table IV.2 summarizes the previously obtained results at different voltages which led to the iden-

tification of seven distinct adhesion levels.

Adhesion Level

Level1l | Level 2 | Level 3 | Level 4 | Level 5 | Level 6 | Level 7

Voltage U (kV) 0 3.6 3.7 3.8 4 4.4 6.3

Table IV.2: Adhesion levels corresponding to their voltages.

The length between the excitation point and the detection point is approximately 5.1 cm. Hence,
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a post-trigger of 17 us is selected and the arrival time of the signal is recorded at 18.2 us, with a
precision of £ 0.002 us. A time frame of 6 ys is chosen to capture the entire signal at higher adhesion
levels.

The detected signals are illustrated in figure IV.15, demonstrating that a larger adhesion area corre-
lates with increased signal dispersion. This effect is previously predicted by finite element modeling,

as a wider adhesion zone at the interface leads to increase the dispersion of the signal.

8
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Figure IV.15: Influence of adhesion levels on the signal illustrating surface acoustic wave propaga-
tion.

At the initial adhesion level, the surface displacement signal shows no dispersion and is compa-
rable to the signal when the film is absent, indicating complete detachment and no interaction with
the film. At the second level of adhesion, the signal begins to show slight dispersion, due to the
minimal area of adhesion. At adhesion level three, the dispersion in the signal increases and it fur-
ther continues at level four due to a larger area being affected by the electric field. The film is nearly
fully adhered by adhesion level five, resulting in significantly higher dispersion, comparable to that
observed at level six, where the film is completely adhered. The dispersion remains consistent at

adhesion level seven, suggesting that the maximum adhesion strength is reached at level six. Thus,
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as the voltage increases, the adhesion surface progressively expands until the film is fully adhered.
The signals are analyzed in the time-frequency domain using the continuous wavelet transform,

using the same mother wavelet in Chapter III. To better track the progression of surface acoustic

wave dispersion in the frequency-time domain of the signal, with the temporal resolution selected

by a sampling period of Ty = 2 ns.
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Figure IV.16: Continuous wavelet transform of SAW signals corresponding to each adhesion level.
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Figure IV.16 illustrates the normalized spectral amplitude distribution as a function of the time ar-
rival of the surface modes across adhesion levels, with color intensity indicating the spectral ampli-
tude at any specific time. Regions of red color denote high signal amplitudes, while the yellow-blue
colors represent weaker amplitudes.

The analysis shows that as the adhesion zone increases, there is a shift towards a lower frequency
range over time. This pattern suggests that electro-adhesion influences multiple wave modes. There-
fore, these modes reach the detection point at different arrival times. Conversely, at the initial adhe-
sion level, the frequencies are detected simultaneously.

This first configuration experiment allows the detection of the changes in the dispersion of sur-
face acoustic waves due to electro-adhesion. The subsequent section will further investigate these
changes, presenting the dispersion curves from the second configuration experiment for each level

of adhesion.

4.2 Influence of adhesion level on surface acoustic wave dispersion curves

To obtain the dispersion curves, the pulsed laser is directed at 251 distinct points, spaced by 60 ym,
along the interface between the PVC layer and the substrate (thanks to the transparent PVC film),
covering a total distance of 15 mm. Using the same signal processing method as in the FEM study,
dispersion curves are presented in the wavenumber-frequency domain. Thus, the phase velocity
value for each frequency is calculated by identifying the peak amplitudes of each wave mode and
then a polynomial fitting is applied to plot the average value of the curves. The resulting dispersion

curves are illustrated in figure IV.17.
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Figure IV.17: Influence of electro-adhesion level on the surface modes dispersion curves.

The curves in figure IV.17 confirm the predicted behavior of surface modes in the loading case
according to the elastic properties of the PVC film and the aluminum substrate. At adhesion level 1,
the surface acoustic wave exhibits a non-dispersive nature, as indicated by a constant value of the
phase velocity as a function of frequency representing weak adhesion. By adhesion level 4, the
surface modes appear, with shifting towards the strong contact condition seen at adhesion level 7,
where the film is completely bonded to the substrate. These results confirm the influence of the
progressive increase of PVC adhesion to the substrate with higher electric field intensity.

To solve the inverse problem by matching the theoretical and experimental results, a homoge-
neous adhesion strength at the interface should be considered, given that the theoretical model does
not include changes in adhesion area characteristics. Therefore, the next section presents solving an

inverse problem for adhesion level 7, where adhesion is considered uniform.

136



Chapter 1V. Surface acoustic waves characterization of adhesion induced by an electric field source

4.3 Evaluation of the uniform adhesion strength

In this section, the inverse problem is solved for adhesion level 7, where the film is fully adhered
to the substrate, making it possible to consider a homogeneous case relative to perfect contact condi-
tions discussed in the FEM models.

The dispersion curves are calculated at selected values of K;; and K; to follow a suitable methodol-
ogy. The method begins by setting a value for K, and varying the value of K;, based on the theoretical
study of their impact in Chapter II on the dispersion curves.

The difference in phase velocity between the average curves of the experimental results and the-
oretical predictions is calculated for each mode, from which the Mean Absolute Error (MAE) can be
computed at the resulting dispersion curves of the indicated K, and K; values. The curves obtained
at the high-frequency range (> 3.5 MHz) force the observation of modes 4, 5 and 6 for low K; value.
The average of the MAE is approximated for the 5 modes considered after calculating the error for
each mode at certain values of K, and K;. The aim is to find the lowest average MAE of the five
modes for a specific pair of K;, and K; values, which can provide a practical estimation determining
the strength of adhesion level 7.

As previously shown in Chapter II the modes are affected differently in studying the influence
of K, and K; separately, making it challenging to find exact values of the normal and tangential
stiffnesses when solving the inverse problem. However, this method is a good approach to study
the adhesion strength of the interface and the values obtained will be then included in the FEM
to approach the characterization of the non-uniform adhesion levels obtained in the experiment.
Moreover, we also aim to find a slope of the modes that go along with the ones in the experiment.

Initially, and referring to the study of the influence of the adhesion parameters on the dispersion
curves, K, is fixed at 1014 N/ m? and K; is tested at three different levels: 103 N/ m3, 5x 1013 N/ m?>
and 10 N/m?. Figure IV.18 displays the dispersion curves at these values. The mean absolute error
is calculated by taking the ranges of frequencies at which the modes exist in both the experimental

and the theoretical velocities.
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Figure IV.18: Dispersion curves for K;, fixed at 10 N/m? and K; varies at 1013 N/m?, 5 x 1013 N/m?>
and 104 N/m>.

At K; = 10" N/m? (red dashed curves) the results show a good slope alignment for the first and
the second modes, then as K; increases up to K; = 10 N/m® (blue dashed curves) the curves are
shifted to the higher frequency range of the experiments that do not fit well with the experimental
one. This is also the case for the higher frequency modes at which K; = 10'3 N/m? shows a better
alignment with the frequency range of the experiment compared with the other values of K;.

Table IV.3 summarizes the mean absolute error for this evaluation. The computations are approx-
imated and the lowest average of the MAE is at K;, = 101 N/ m?> and K; = 10183 N/ m3. Next, this

value of K; is fixed and K;, will be studied to find an approximated average value of the MAE.

138



Chapter 1V. Surface acoustic waves characterization of adhesion induced by an electric field source

Mean absolute error (m/s) at K, = 104 N/m?

Modes | K; =108 N/m® | K; =5 x 1013 N/m? | K; = 104 N/m?
mode 2 220 253 230

mode 3 112 59 61

mode 4 39 7 15

mode 5 13 36 45

mode 6 52 - -
Average 87 89 88

Table IV.3: MAE for each mode at fixed K,, = 10'* N/m?> with their corresponding average value of

each K; case.

The results are not significantly different, and the lowest average MAE is found at K; = 10" N/m®

of 87 m/s which is then selected and fixed for the next analysis when K, is varied at the values:

5% 1014 N/ m3and 5 x 101° N / mS. Table IV.4 summarizes the mean absolute error for this evaluation.
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Figure IV.19: Dispersion curves for K; fixed at 1013 N/m? and K,, varies at 5 x 104 N/m?3, 101° N/m?

and 5 x 105 N/m?°.
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Figure IV.19 shows the dispersion curves for varying values of K, with K; fixed at 10'®> N/m?.
The experimental data is represented by solid black lines, while theoretical predictions are indicated
by dashed colored lines. At K, = 5 x 10" N/m? (red dashed curves), the slope alignment for the
lower frequencies of the modes is reasonable, but deviations are observed at higher frequencies.
Increasing K, to 101> N/ m’ (green dashed curves) shows an improved fit with the experimental data
for both lower and higher modes, suggesting this value provides a more accurate representation of
the experimental conditions. Moreover, at K, = 5 X 10 N/m?® (blue dashed curves), the theoretical
curves shift towards the experimental ones at higher frequencies of modes 2 and 3, but for the higher
modes there is not significant shifting at these parameter variations.

Table IV.4 summarizes the mean absolute error (MAE) for each mode across different K, values.
The results indicate that the lowest average MAE is achieved at K, = 5 X 10> N/m® and K; =
103 N/m®, with an average MAE of 46 m/s. This pair of K, and K; provides the best alignment
with the experimental data, as shown by the dispersion curves overlapping at the same frequency
ranges of the modes and the MAE values. Therefore, K;, = 5 X 105 N/m? and K; = 1013 N/m? are

considered the optimal values for approximate modeling in this study.

Mean absolute error (m/s) at K; = 10!3 N/m>

Modes | K, =5 x 104 N/m? | K, = 101 N/m?® | K, =5 x 101 N/m®
mode 2 75 59 58
mode 3 57 54 52
mode 4 25 28 26
mode 5 29 39 40
mode 6 56 56 52
Average 48 47 46

Table IV.4: MAE for each mode at fixed K; = 10'® N/m? with the average value for each K, case.

Figure IV.20 illustrates the theoretical dispersion curves at K;, = 5 x 101N/ m? and K; =108 N/ m3.
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This is necessary to compare the curves with the perfect contact condition.

3500
%3000
E2500
Z
5 2000
S
<P
2 1500
21000

=
R~ 500 -

- Perfect contact Kn=5 %10 N/m3, Kt=1013 N/m> — Adhesion level 7

0 | | | | |
0 1 2 3 4 5 6

Frequency (MHz)

Figure IV.20: Dispersion curves at K, = 5 x 10'° N/m? and K; = 10'®> N/m?, compared to the perfect
contact condition with respect to adhesion level 7.

This comparison provides an analysis of the uniform adhesion strength (adhesion level 7), the
experimental curves are close to the perfect contact condition. This value suggests that the experi-
mental dispersion curves at adhesion level 7 correspond to a high adhesion strength, consistent with

the theoretical analysis in Chapter II.

4.4 Finite Element Model of the interaction of surface acoustic waves with the

non-uniform adhesion interface

Experimentally, we observe that the electro-adhesion effect pattern varies with different voltage
levels and is non-uniform across the interface at levels 2, 3, 4, 5 and 6. This variability suggests that
the EA effect does not distribute evenly, potentially due to uneven surfaces or varying electrical prop-
erties at different points of contact. To provide a deeper understanding of how this non-uniformity

affects the system’s behavior, we introduce a finite element model in this section. This model sim-

141



Chapter 1V. Surface acoustic waves characterization of adhesion induced by an electric field source

ulates the dispersion curves that represent the experimentally measured adhesion length d. The
simulation aims to model the experimental conditions by varying the adhesion zone d according to
the adhesion levels.

In the previous section, we solved an inverse problem with the parameters K,, = 5 x 10'> N/m?
and K; = 10'> N/m?>. Referring to the dispersion curves analyzed in Chapter III, which examine the
non-uniform adhesion interface, these K;, and K; values are included to represent the perfect contact
conditions for homogeneous adhesion. Consequently, the mechanical properties of the intermediate
layer (Poisson’s ratio and Young’s modulus), should be equivalent to these K, and K; values.

Therefore from equation 3.1, vy = 0.498 and Ey = 2.997 MPa. The following figures IV.21, IV.22,

IV.23,1V.24, 1V.25 display the dispersion curves of the simulations for each adhesion level.

3200

3000 g
—_ S e T T e ey, \_
L T o
£ 2800 - - i
2
E
E 2600 2
v * Experiment at level 2 — Average of the experiment
& * Simulation atd =34 mm  — Average of the simulation
A 2400 [ N

2200 | | | | |

0 1 2 3 4 5 6

Frequency (MHz)

Figure IV.21: Simulated dispersion curves at d = 3.4 mm and the experimental dispersion curves of
level 2.

Figure IV.21 compares simulated and experimental dispersion curves at d = 3.4 mm. In the low-
frequency range (0-2 MHz) and in the mid-frequency range (2-3 MHz) the second and third Rayleigh

modes for both the experimental and simulated results show a slight decrease in phase velocity.
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In the high-frequency range (3-6 MHz), phase velocities for the fourth and fifth Rayleigh modes
are almost constant in the experimental results which can be due to the filter used (4 MHz) for the
interferometer. However, these modes remain comparable with the simulated modes, indicating a
good representation of the SAW interaction with the structure in the model.

Additionally, the mean absolute error for each polynomial mode was evaluated. The results show
that Mode 2 has a MAE of 61 m/s, mode 3 of 55 m/s, and mode 4 of 35 m/s with an average value
of 50 m/s.

3200 \ ]
* Experiment at level 3 — Average of the experimental

* Simulation atd =8.1 mm — Average of the simulation

3000

N

o]

[=]

(=]
I

2600

2400

Phase Velocity (m/s)

2200 |
0 1 2 3 4 5 6

Frequency (MHz)

Figure IV.22: Simulated dispersion curves at d = 8.1 mm and the experimental dispersion curves of
level 3.

Figure IV.22 presents the simulated and experimental dispersion curves at d = 8.1 mm. In the
low-frequency range (0-2 MHz), the second Rayleigh mode shows a significant decrease in the phase
velocity for both the experimental and simulated curves, indicative of loading case mode behavior. In
the mid-frequency range (2-3 MHz), the experimental data displays a slight slope change in the phase
velocity of the third Rayleigh mode in comparison with the previous results, while the simulated
results show higher slope modification, possibly due to differences in boundary conditions. In the

high-frequency range (3-6 MHz), the simulated curves obtained for the fourth and fifth Rayleigh
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modes are separated from the previous result. Although the experimental phase velocities remain
almost constant, the slope of the curve shows a decrease in the phase velocities as a function of
frequency that is comparable to the modes in the simulation.

The mean absolute error (MAE) for each mode was also evaluated. The results show that Mode 2
has a MAE of 52 m/s, mode 3 of 42 m/s, mode 4 of 50 m/s and mode 5 of 59 m/s with an average

value of 51 m/s.
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Figure IV.23: Simulated dispersion curves at d = 9.5 mm and the experimental dispersion curves of
level 4.

Figure IV.23 shows the simulated and experimental dispersion curves at d = 9.5 mm. In the low-
frequency range (0-2 MHz), the second Rayleigh mode simulated well illustrates the experimental
one. The mid-frequency range (2-3 MHz) shows a modification in the third Rayleigh mode phase
velocity for both the experimental and simulated results with respect to the previous curves. In the
high-frequency range (3-6 MHz), the simulation displays a higher influence of the adhesion area
on the fourth and fifth Rayleigh modes. On the other hand, the experimental curves demonstrate
stabilization of phase velocity with lower influence.

The mean absolute error (MAE) for each mode was also evaluated. The results show that Mode 2
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has a MAE of 42 m/s, mode 3 of 75 m/s, mode 4 of 39 m/s and mode 5 of 25 m/s with an average

value of 45 m/s.
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Figure IV.24: Simulated dispersion curves at d = 13 mm and the experimental dispersion curves of
level 5.

Figure IV.24 shows the simulated and experimental dispersion curves at d = 13 mm. In the
low-frequency range (0-2 MHz), the second Rayleigh mode from the simulation demonstrates the
experimental observations. The mid and high-frequency range (2-6 MHz) displays a similar influ-
ence to the previous one in the third, fourth and fifth Rayleigh modes for both the experimental and
simulated data.

The mean absolute error for each mode was also evaluated. The results show that Mode 2 has a
MAE of 37 m/s, mode 3 of 57 m/s, mode 4 of 84 m/s and mode 5 of 61 m/s with an average value
of 60 m/s.
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Figure IV.25: Simulated dispersion curves at d = 15 mm and the experimental dispersion curves of
level 6.

Figure IV.25 displays the simulated and experimental dispersion curves at d = 15 mm. In the
low-frequency range (0-2 MHz), the second Rayleigh mode in the simulation closely aligns with
the experimental curve. The mid-frequency range (2-3 MHz) shows significant changes in the third
Rayleigh mode for the experimental curve and is well demonstrated in the third Rayleigh mode
obtained in the simulation. In the high-frequency range (3-6 MHz), the simulated data indicates a
significant influence of the adhesion area on the fourth and fifth Rayleigh modes, while the experi-
mental data shows consistency of phase velocity in these modes, however, the influence of the ad-
hesion area on these modes are still observed by the loading case dispersion behavior of the surface
modes.

The mean absolute error for each mode was also evaluated. The results show that Mode 2 has a
MAE of 35 m/s, mode 3 of 28 m/s, mode 4 of 38 m/s and mode 5 of 80 m/s with an average value
of 45m/s.

As mentioned in Chapter III, the first mode shows low resolution, hence the curves are presented

starting with the second mode. The results of mode 2 show coherence with the simulation with
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a slight error that could be due to the approximation made for solving the inverse problem in the
previous section and the error in selecting the value of 4. However, mode 3 is coherent for levels
2 and 6 while for levels 3, 4 and 5, the mode arrives in the same interval of frequency, but it has a
different slope.

The dispersion curves in the simulation started by showing the influence of weak non-uniform
adhesion influence (average adhesion strength at d = 3.4 mm) and by increasing the adhesion area
towards (d = 15 mm) the dispersion curves show convergence towards the curves of the case of
the K, = 5 x 101 N/m?, K; = 1013 N/m?, vy = 0.498 and E; = 2.997 MPa in the uniform case.
The general behavior of SAW propagation of the loading case is well obtained in both the experi-
mental and simulated results. The results indicated high sensitivity of the second and third modes
to the adhesion quality in the experiment. However, for the fourth and fifth modes, the sensitivity
is observed in the simulation, but due to some experimental limitations, this sensitivity is weakly
observed although it is still comparable to the simulation.

This study performed the inverse problem solution through both theoretical (numerical) calcu-
lations and the finite element method. The numerical calculations focused on a uniform adhesion
interface, while the FEM not only simulated the effect of the uniform adhesion case but also ef-
fectively demonstrated what could be detected and observed experimentally. Moreover, the FEM
allowed us to simulate the influence of non-uniform adhesion on the propagation and dispersion of

surface acoustic waves in a layered structure.
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Conclusion

In this chapter, we introduced the principles of electro-adhesion and the use of a non-contact EA
pad to achieve varied levels of adhesion. These levels were in the form of a non-uniform adhesion
strength at the interface, enabling the observation of adhesion patterns for different voltages.

Two investigation methods were included considering Laser-Ultrasonics each with a specific aim,
the first is to analyze the frequency distribution of the signals through the interface and the second
is to extract the dispersion curves for each adhesion level.

The detected signals showed that when the adhesion area increases the signal has a larger wave-
length, hence the frequency spectrum shifts towards lower frequency. These results were coher-
ent with the simulated signals in the study of non-uniform adhesion quality where the continuous
wavelet transform analysis is investigated.

At adhesion level 7, a homogeneous pattern was considered at the interface, therefore the inverse
problem was solved for this level to obtain values of stiffnesses K, = 5 X 101 N/m?® and K; =
1013 N/m>. These parameters were then included in the finite element simulations to model the
experimental adhesion levels for the non-uniform adhesion. The measured adhesion distance is then
simulated and the dispersion curves were obtained for each level. The results showed coherence

with the modes at the frequency intervals as well as the average value of the mean absolute error.
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General Conclusion

In conclusion, we have introduced the importance of studying the properties of thin films, fo-
cusing on the adhesion quality and surface acoustic wave sensitivity to the elastic parameters in a
layered structure. We have used Laser-Ultrasonics as a non-contact, non-destructive testing tech-
nique to investigate an electro-adhesion effect on surface acoustic waves.

In Chapter I, we provided an overview of different deposition techniques and their advantages.
Additionally, we outlined the theories of adhesion and its characterization using both destructive and
non-destructive testing methods, focusing on electro-adhesion as a novel method to control interface
quality using an electric field generator. The principles of the mechanism of Laser-Ultrasonics in ther-
moelastic and ablation regimes, as well as the interferometry mechanism used in the experiments,
were then discussed. Finally, the measured elastic parameters of the materials used experimentally
were presented.

Although electro-adhesion has been used in many applications with pads of plate electrodes, the
thickness of these electrodes makes it challenging to characterize adhesion using acoustic waves due
to their sensitivity to the thickness of the layered material. Additionally, the elastic properties of
these plates affect the propagation of the surface acoustic waves. Therefore, we used a non-contact
EA device that can modify the adhesion quality without any mechanical contact with the structure.

In Chapter II, the theoretical multi-layered model explained the derivation of the surface modes
dispersion relation. This model relates the elastic parameters of the materials of a thin film perfectly
adhered to a substrate to surface modes dispersion curves in three cases: loading, stiffening and

intermediate. These cases predict the behavior of the generated surface waves according to the pa-
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rameters of PVC and aluminum. Indeed the experimentally obtained dispersion curves showed a
loading case as expected in the model.

The theoretical adhesion parameters K, and K; were also considered in previous studies. These
parameters are important in characterizing the adhesion strength by fitting the experimental disper-
sion curves with the theoretical ones as an inverse problem. Additionally, studying the evolution
of the dispersion curves with respect to the variation of these parameters clarifies the experimental
results.

In Chapter III, a finite element method was included to simulate the interaction between the sur-
face waves with a PVC layered adhered to aluminum substrate in uniform and non-uniform adhe-
sion cases as the mathematical model only considers a uniform adhesion strength. However not all
the levels obtained experimentally were considered uniform. These models were important in both
cases to study the influence of K, and K; parameters in the uniform case and the influence of the
adhesion area by varying the adhesion distance.

In Chapter IV, the results of the EA device demonstrated the influence of electro-adhesion achieved
through the use of sharp tip electrodes that create a potential difference with the conductor alu-
minum substrate to generate adhesion levels. Moreover, we have presented the challenges of includ-
ing this device along with the lasers in the experimental setup. This setup was explained with an
Nd:YAG pulsed laser doubled in frequency used for generating acoustic waves and a Mach-Zehnder
heterodyne interferometer for detecting the normal displacements of the surface wave.

Seven adhesion levels were obtained with well-observed patterns under an image acquisition
device. These levels were considered non-uniform adhesion depending on the zones affected by the
electric field. However, adhesion level 7 (the highest level) was identified as uniform due to the
presence of the entire film in the range of the effective electric field.

The experimental methodologies are divided into two configurations. In the first one, surface
waves were generated and detected on the substrate allowing their propagation through the entire
film and showing the impact of the adhesion quality on a single Rayleigh wave. In the second one,

the generation of the surface waves is localized at the interface of the sample, providing acquisi-
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tions with signal processing methods to obtain the dispersion curves of the surface modes. These
configurations were well clarified in the thesis.

The estimated values of K, and K; solved by the inverse problem on adhesion level 7 were in-
cluded and fixed in the simulation, thus the adhesion length was varied according to the measured
ones. Finally, these simulations validated the interactions obtained experimentally for each adhesion
pattern using the dispersion curves.

Overall, we successfully reached the aim of this work by applying the Laser-Ultrasonics method as
a non-destructive testing technique to characterize a new method of inducing adhesion levels by an
electric field source. This method generated levels of adhesion of a non-uniform pattern. Therefore,
models and numerical methods were calculated and developed to analyze the impact of adhesion
on acoustic wave propagation. The use of the finite element model was important in simulating the
interaction of surface acoustic waves with thin film interfaces, providing an understanding of how
variations in adhesion area affect wave dispersion.

This work opens future research studies for the characterization of the adhesion strength/area us-
ing specific parameters depending on the adhesion theory (diffusion, mechanical interlocking, chem-
ical reactions). Moreover, the optimization of controlling the non-contact electro-adhesion using the
non destructive testing methods to detect defects and interactions of other materials.

Moreover, a multiphysics modeling problem would be interesting in modeling the generation of
the adhesion levels from an electric field source and their influence on surface acoustic waves in a

three-dimensional model.
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Abstract

This thesis focuses on material adhesion, which is often crucial to the reliability of coating tech-
nologies. More precisely, the adhesion quality of a polyvinyl chloride film to an aluminum substrate
is evaluated by Laser-Ultrasonics. Indeed, this non-contact and non-destructive method allows to
excite surface acoustic waves (SAW) in layer-on-substrate structures, whose propagation can be sen-
sitive to adhesion. Experimentally, these guided waves are excited by a frequency-doubled Nd:YAG
laser and detected via a Mach-Zehnder heterodyne interferometer.

To avoid coating thickness variations that would interfere with acoustic wave propagation, It is
preferable not to consider an intermediate adhesive layer. Therefore, for the first time, we are using
an electro-adhesion device that allows the adhesion level of the dielectric layer to the substrate to be
modified by simple voltage adjustments.

A program has been developed to obtain the Rayleigh modes dispersion curves considering the
effect of normal and tangential stiffnesses. In addition, finite element method is implemented to sim-
ulate SAW propagation under varied adhesion conditions. The results clearly show the sensitivity of
these waves to electrostatically induced variations in the quality of film adhesion only.

Keywords: Laser-Ultrasonics, Surface Acoustic Waves, Rayleigh modes, Electro-Adhesion, Non
Destructive Testing, Finite Element Modeling.

Résumé

Cette these porte sur I'adhésion des matériaux qui est souvent cruciale pour la fiabilité des tech-
nologies associées aux revétements. Plus précisément, la qualité de ’adhésion d"un film en chlorure
de polyvinyle a un substrat d’aluminium est évaluée par Ultrasons-Laser. En effet, cette méthode
sans contact et non destructive permet d’exciter des ondes acoustiques de surface (SAW) dans les
structures du type couche sur substrat dont la propagation peut étre sensible a I’adhésion. Expéri-
mentalement, ces ondes guidées sont excitées par un laser Nd:YAG doublé en fréquence et détectées
par un interféromeétre hétérodyne de type Mach-Zehnder.

Pour éviter des variations d’épaisseur du revétement qui interféreraient avec la propagation des
ondes acoustiques, il apparait préférable de ne pas utiliser de couche adhésive intermédiaire. C’est
pourquoi nous utilisons pour la premiere fois un dispositif d’électro-adhésion permettant de modi-
fier le niveau d’adhérence de la couche diélectrique au substrat par de simples ajustements de ten-
sion.

Un programme a été développé afin d’obtenir les courbes de dispersion des modes de Rayleigh
en tenant compte de l'effet des rigidités normales et tangentielles. En outre, la méthode des éléments
finis est mise en ceuvre pour simuler la propagation des SAW dans des conditions d’adhérence var-
iées. Les résultats montrent clairement la sensibilité de ces ondes aux seules variations de la qualité
d’adhérence du film induites électrostatiquement.

Mots-clés: Ultrasons-Laser, Ondes Acoustiques de Surface, Modes de Rayleigh, Electro-Adhésion,
Contrdle Non Destructif, Modélisation par éléments finis.
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