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ABSTRACT:
A laser ultrasonic method is proposed for the nondestructive evaluation of bonded assemblies based on the analysis

of elastic plane waves reflected from the bonding interface. Plane waves are numerically synthesized from

experimentally detected cylindrical waves. Several angles of incidence with respect to the bonding interface are

achieved by varying the delay in the synthesis step. An inverse problem using these plane waves is then solved to

identify the normal and transverse interfacial stiffnesses that model the mechanical coupling between two bonded

media. The semi-analytic model developed and detailed in Hod�e et al. [J. Acoust. Soc. Am. 150, 2065 (2021)] is

used to create the database that contains simulated laser-generated ultrasounds required to solve the inverse problem.

The developed method is first validated with semi-analytic simulated input data where Gaussian noise has been

added. Next, the method is applied using signals acquired on an aluminum alloy plate and on assemblies (with and

without adhesion defects) made of two aluminum alloy plates bonded by an aeronautical structural epoxy adhesive

film. Differences between the identified values of interfacial stiffnesses distinguish the three samples and obtain

quantitative values to characterize the adhesive bonding. VC 2021 Acoustical Society of America.
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I. INTRODUCTION

In aeronautics, lighter aircraft structures are essential to

reduce fuel consumption and emissions. Structural adhesive

bonding is one of the solutions to meet this need. Indeed, it

has numerous advantages over conventional assembly tech-

niques, such as riveting and welding. A better stress distri-

bution can be achieved between the assembled parts.

Furthermore, it is the best method for joining composite

materials with a high strength-to-weight ratio. However, one

of the technological limitations currently reducing the sig-

nificant deployment of this technique is the lack of nonde-

structive evaluation (NDE) methods1–3 to certify the

mechanical strength of the bonding.

In the past 50 years, a large number of nondestructive

methods have been investigated in the literature. Among the

various studied approaches, such as infrared thermogra-

phy4,5 and quantitative techniques based on laser-generated

shock waves,6,7 ultrasonic methods are of great interest, as

elastic waves interact mechanically with the bonding with-

out damaging it. These methods can be divided in two main

categories according to whether they are based on bulk or

guided waves. Concerning the studies dealing with bulk

waves, experiments have used the reflection of ultrasound at

normal and oblique incidence with respect to the adhesive

joint.8–11 Transmission measurements have also been

achieved experimentally with immersed12 and air-coupled

ultrasonic transducers.13 Theoretical studies have been car-

ried out to model bonded elastic media to investigate the

effects of bonding defects on reflection and transmission

coefficients.14–17 Lavrentyev and Rokhlin,18 Wang et al.,19

and then Baltazar et al.20 successively developed an inver-

sion method to identify parameters related to the bonding

properties from the reflection spectra acquired at two angles

of incidence (normal and oblique). With regard to ultrasonic

methods based on guided waves, theoretical and experimen-

tal studies have used shear horizontal modes21,22 and Lamb

modes.23,24 These methods allowed an averaged evaluation

of the bonding quality along the propagation path of the

guided waves. For a better localization of bonding defects,

all-optical methods that are based on laser-generated zero

group velocity (ZGV) Lamb modes,25 which are sharp local

resonances at well-defined frequencies, have been experi-

mentally investigated.26–28 These laser ultrasonic techniques
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are of real interest for industrial applications because of the

fully contactless nature of the measurements.

In this paper, a laser ultrasonic method is presented for

the quantitative NDE of adhesive bonding. The work is

based on the synthesis of elastic plane waves developed by

Reverdy and Audoin.29,30 This postprocessing method has

originally been designed to find the elastic coefficients of

isotropic or anisotropic plates using laser-generated ultra-

sound. The times-of-flight (TOFs) of the synthesized plane

waves were used to solve an inverse problem on the basis of

the Christoffel equation. Here, this method is applied to

identify the mechanical coupling conditions between two

bonded elastic media with known elastic coefficients. Not

only the TOFs but also the amplitudes of the synthesized

reflected plane waves are gathered for different angles of

incidence with respect to the bonding interface. Moreover,

not only the first reflection at the bonding interface is con-

sidered but also the multiple reflections of elastic waves that

occur as time goes on. Mode conversions due to the reflec-

tion of elastic waves at the bonding interface are therefore

accounted for. An inverse problem is then solved to identify

the normal and transverse interfacial stiffnesses used to

model the bonding. These interfacial stiffnesses are homo-

geneous surface densities of spring stiffnesses expressed in

kN mm�3; i.e., the bonded interfaces are assumed to have

homogeneous properties. One of the novelties of the devel-

oped approach concerns the creation of the database to solve

the inverse problem. A semi-analytic model that we devel-

oped and have detailed in Ref. 49 is used to simulate the

propagation of laser-generated ultrasounds in bonded assem-

blies. A large number of semi-analytic simulations were

conducted to generate a database that contains simulated

signals for different values of interfacial stiffnesses used to

model bonding. The current work aims to present a specific

application of our semi-analytic model for the NDE of bond-

ings. This approach, which combines laser ultrasonic experi-

ments and the synthesis of elastic plane waves as a

postprocessing technique, is tested on experimental signals

measured on bonded assemblies made from materials

encountered in aeronautics.

The outline of this paper is as follows. In Sec. II, the

postprocessing method to synthesize plane waves is

described, and the application of this technique for the NDE

of adhesive bonding is presented. In Sec. III, two methods

are introduced to simulate the temporal evolution of the

amplitudes of the synthesized plane waves reflected from

the here-investigated interface between two bonded media.

The choice of a semi-analytic approach to solve the direct

problem is justified, and numerical results are provided. In

Sec. IV, the algorithm used to solve the inverse problem to

identify the values of normal and transverse interfacial stiff-

nesses, which model the mechanical coupling between two

bonded media, is detailed. The identification process is first

validated using simulated data to which noise has been

added. Next, in Sec. V the inverse problem is solved using

experimental data acquired for a free-standing aluminum

alloy plate and for two bonded assemblies (Al/epoxy/Al)

with and without adhesion defects. The epoxy layer was, in

both cases, an industrial aeronautical adhesive. Both assem-

blies, similar in geometry and constituents yet different in

adhesion level were undistinguishable when evaluated with

conventional ultrasonic inspection techniques. The identifi-

cation of the interfacial stiffnesses with the proposed

method is presented. Its ability to nondestructively charac-

terize adhesive bondings and, therefore, to distinguish dif-

ferent adhesion levels is demonstrated.

II. PLANE WAVE SYNTHESIS FOR THE NDE
OF ADHESIVE BONDINGS

One advantage of laser ultrasound generation in the

thermoelastic regime is that the surface of the inspected

material is not locally degraded, in contrast to the ablation

regime. However, the elastic waves generated in this regime

are of relatively low amplitudes, which can make optical

signal detection difficult and result in a relatively poor sig-

nal-to-noise ratio (SNR). For these reasons, different techni-

ques have been developed to increase the amplitude of

laser-generated ultrasound and to improve the directivity

pattern of optoacoustic sources. Plane wave generation is

one of the methods to address this issue.

For absorbing materials, the easiest way to experimen-

tally and nondestructively generate plane waves in laser

ultrasonics is to use a thermoelastic source with lateral

dimensions that are very large compared to the achievable

wavelength. The drawback of that approach is that only

plane waves propagating in a direction normal to the genera-

tion surface are made possible. Two main experimental

techniques that steer the propagation direction of plane

waves along any angle have been reported in literature. One

approach is based on a moving laser source that continu-

ously sweeps the surface of a medium at subsonic, transonic,

or supersonic velocities. Berthelot and Busch-Vishniac31

applied this technique for the experimental generation of

plane waves in a freshwater tank. The mobile thermo-

acoustic source on the water surface was created by the

reflection of a laser beam from a rotating mirror. Ing et al.32

used an acousto-optic cell working under the Bragg mode to

generate a moving laser source at the surface of an alumi-

num half cylinder. Another approach to launch plane waves

is based on a set of photoacoustic sources separated in space

and time. These laser ultrasonic methods are close to those

developed in conventional ultrasound with the use of phased

array transducers.33 Steckenrider et al.34 used the propaga-

tion of a single laser pulse in an optical delay system con-

sisting of a White cell cavity35 and a graded beamsplitter to

generate up to ten spatially and temporally separated laser

sources. Another technique that requires only one laser

beam was based on the redirection of a laser pulse into sev-

eral optical fibers of different lengths, resulting in phase

shifts.36–38 Furthermore, multiple laser beams were used to

design a phased array of laser sources. Noroy et al.
carried out experiments with a multiple-beam Q-switched

neodymium-doped yttrium aluminum garnet (Nd:YAG)

laser capable of delivering 16 optical pulses.
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Laser-generated ultrasonic phased arrays were performed by

the authors in the ablation regime39 and in the thermoelastic

regime.40,41 Murray et al.42 followed a similar approach

with ten Nd:YAG lasers cavities.

Although laser-generated plane waves are experimen-

tally achievable, these techniques are difficult to realize in

practice and require the use of more complicated systems

than those with two laser beams, i.e., one for ultrasound gen-

eration and one for detection. Therefore, an alternative

approach that is based on the synthesis of plane waves in a

postprocessing step has been chosen and is detailed as

follows.

A. Description of the plane wave synthesis

To synthesize plane waves from divergent laser-

generated ultrasound, a method has been developed by

Reverdy and Audoin.29,30 They have used it to measure the

elastic coefficients of anisotropic materials by solving an

inverse problem based on the Christoffel equation. The first

step of this technique is the acquisition of temporal signals.

A laser line source of infinite length in the x3 direction is

moved over the sample surface in 2Nþ 1 positions with a

constant dx-step. At each i 2 ½�N;N� position, laser-

generated ultrasound is emitted in the sample, and the nor-

mal displacement of the surface is measured at the i¼ 0

position. Therefore, for each generation location, a temporal

signal siðtÞ is recorded. The second step deals with the post-

processing of the acquired data to synthesize plane waves. A

constant time delay dt is imposed between the signals siðtÞ
and siþ1ðtÞ. Then, a sum of all the signals is achieved to

obtain

sðtÞ ¼
XN

i¼�N

siðtþ idtÞ; (1)

where s(t) corresponds to the signal that would have been

experimentally recorded at the i¼ 0 position if a phased

array of laser sources had generated plane waves in the lin-

ear domain, i.e., when the superposition principle is valid.

The time delay dt directly selects the propagation angle un

of the synthesized plane wave of n-polarization, given by

sin ðunÞ ¼
ks

kn
; n ¼ L;Tf g; (2)

with L and T denoting the longitudinal and transverse polar-

izations of the elastic waves, respectively, for an isotropic

material. The wavenumber ks ¼ xdt=dx is defined by x as

the angular frequency; dx as the fixed spatial step; and dt as

the time delay, which is an adjustable parameter. The wave-

number of the synthesized plane wave is kn ¼ x=cn; with cn

being the phase velocity of the wave having an n-polariza-

tion. Note that the synthesized wavefield is referred to as the

synthesized plane wave to focus on the role of the main lobe

of the synthesized wavefield that can be seen as a plane

wave propagating at an angle un; which is named propaga-

tion angle in the following. Interestingly, this selection rule

of two propagation angles for longitudinal and transverse

waves can also be seen in another way. Since the sample

considered here is multilayered, it is a waveguide along the

x2 direction. Imposing the time delay dt is therefore equiva-

lent to select guided waves propagating along the x2 direc-

tion, with a wavevector component along that direction of

ks ¼ xdt=dx: Next, the TOFs and amplitudes of the synthe-

sized plane waves are obtained by convolving the signal s(t)
with a complex Morlet wavelet.29 To identify the elastic

coefficients of an anisotropic plate, the TOF of the synthe-

sized plane waves was measured either in transmission29 or

in reflection.30

B. Application for the NDE of adhesive bondings

In this paper, the aim is to quantify the mechanical

strength of structural adhesive bonding using this approach.

Thus, not only the arrival times but also the amplitudes of the

plane waves reflected from the bonding interface are consid-

ered. The studied structure is represented in Fig. 1(a) and is

composed of an elastic plate of thickness h1 bonded on a

thicker medium of thickness h2. Both media are assumed to be

linear, homogeneous, and isotropic. In addition, h2 is assumed

to be much larger than h1; hence, the lower elastic medium is

modeled acoustically as a half-space, i.e., the following treat-

ment is applied over a measurement time, ensuring that no

wave reflected from the bottom surface of the lower medium

is in the signal. Furthermore, the acoustic wavelengths that are

considered later are assumed to be greater than the thickness

of the adhesive joint. Thus, normal (KN) and transverse (KT)

distributions of interfacial stiffnesses, illustrated by springs in

Fig. 1(a), are used to model the bonding.16,43,44 This modeling

is deduced from the simplification of the transfer matrix for-

malism.45–48 It allows the coupling of displacements and

stresses between media I and II.

The sum of all the signals siðtþ idtÞ in Eq. (1) is illus-

trated in Fig. 1(b). The application of time delay dt in a post-

processing step leads to constructive and destructive

interferences that result in the synthesis of plane waves. As

shown in the slowness diagram in Fig. 1(c), the choice of

the wavenumber ks in Eq. (2), linked to the ratio dt=dx;
favors the generation of a longitudinal plane wave L and a

transverse one T of defined propagation angles un:
Therefore, the synthesized plane waves that propagate in

medium I are represented in Fig. 1(a). Two incident plane

waves L and T are reflected from the interface according to

Snell’s laws. Thus, the longitudinal plane wave L is

reflected as a wave that retains the same polarization [which

is noted 2L in Fig. 1(a)] and a wave with a polarization con-

version (LT). It is the same for the incident transverse plane

wave T, which is reflected as transverse (2T) and longitudi-

nal (TL) plane waves. Then, these four waves are reflected

from the free surface of medium I, in x1 ¼ 0; and so on.

The interest of using this technique is that the ampli-

tudes of the reflected waves are related to the reflection

coefficients from the bonding interface. In fact, the expres-

sions of these coefficients are defined not only by the
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mechanical properties of media I and II but also by the cou-

pling conditions at the interface. Thus, a modification of the

mechanical coupling between two media leads to an evolu-

tion of the reflection coefficients and, consequently, to a

change in the amplitudes of the reflected plane waves.

The strategy adopted in this paper is to solve an inverse

problem to find the normal (KN) and transverse (KT) interfa-

cial stiffnesses with the amplitudes of the reflected plane

waves. This requires the calculation of the direct problem,

i.e., finding the normal displacement of the surface as a

function of time, knowing the interfacial stiffnesses. This

will be detailed in Sec. III.

III. SOLVING THE DIRECT PROBLEM

Two approaches were studied to solve the direct prob-

lem: one based on analytic formulas taking the directivity

pattern of an array of thermoelastic sources into account and

another based on semi-analytic simulations to numerically

solve the electromagnetic, thermal, and elastodynamic prob-

lems. These two methods are presented in Secs. III A and

III B, respectively. In addition, the choice of the second

method rather than the first for the subsequent resolution of

the inverse problem will be justified.

A. Analytic formulation

The first approach used to solve the direct problem was

to calculate the amplitudes of the reflected plane waves

using analytic formulas, as reported in literature.41,49,50 The

goal was to find the theoretical amplitudes, as a function of

the propagation angle un defined in Eq. (2), of all plane

waves reflected from the bonding interface illustrated in Fig.

1(a): 2L, LT, TL, 2T, etc. Assuming that both the bonding

interface and the observation point are in the far field, the

amplitudes of these reflected plane waves can be obtained

by considering the directivity pattern of the array of thermo-

elastic sources, the propagation path of plane waves, the

reflections from the bonding interface, and the laser detec-

tion at the free surface of medium I. However, in the cases

we are studying, the observation point is in the near field of

the thermoelastic sources because the thickness of medium I

is of the order of a millimeter. It implies that the directivity

pattern of the thermoelastic sources, notably calculated in

the far field by Raetz et al.,51 cannot be used here. In addi-

tion, this analytic approach leads to complicated formulas

where a multitude of plane wave reflections have to be

accounted for. Indeed, as shown in Fig. 1(a), an incident

plane wave is reflected as two plane waves of different

polarization at each reflection from the bonding interface or

the upper free surface of medium I. Hence, the number of

analytic formulas to calculate all the reflected plane waves

increases rapidly with time.

For all these reasons, another approach has been

selected to solve the direct problem. The choice was made

to use semi-analytic simulations to numerically solve the

electromagnetic, thermal, and elastodynamic problems. This

method, presented in Sec. III B and fully described in Ref.

49 (semi-analytic model and simulated examples), provides

fast and accurate simulated data. Moreover, it allows solving

the multiphysics problem without using the far-field

assumption, unlike the previous approach that was based on

directivity patterns of optoacoustic sources.

B. Semi-analytic model

The resolution of the direct problem, i.e., the simulation

of laser-generated ultrasound in the bonded structure, was

achieved with a semi-analytic method. This numerical

approach was notably inspired by the work of Audoin and

Guilbaud52 and Audoin et al.53 This method was used to

simulate acoustic waves generated by a laser line source

based on Fourier transform. In Ref. 48, this model was

extended to the simulation of laser-generated elastic waves

in a multilayer structure, where the electromagnetic,

FIG. 1. (Color online) (a) Representation of the elastic plane waves that are synthesized in medium I. First, a laser line source of infinite length in the x3

direction is moved over the sample surface in 2Nþ 1 positions with a constant dx step. Second, a time delay dt is applied between the laser pulses in postpro-

cessing to synthesized longitudinal (L) and transverse (T) plane waves. (b) The application of delays between the 2Nþ 1 sources leads to constructive and

destructive interferences between the divergent elastic waves, resulting in the generation of a plane wave. (c) Slowness diagram of the L and T plane waves

that are synthesized by imposing the wave vector ks ¼ x dt=dx; with x as the angular frequency.
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thermal, and elastodynamic problems were numerically

solved. It allows the displacement field in the upper and lower

media of the multilayer structure to be obtained. The method

provides accurate results in a relatively short computing time

compared with other numerical techniques, such as the finite

element method (FEM)54,55 or the finite difference method

(FDM).56 Accuracy and rapidity are two advantages of real

interest for inverse problem solving and justify this choice for

the cases studied in this paper. Obviously, if more complex

geometries than layered plates with parallel surfaces have to

be investigated, the FEM or FDM are preferred.

Concerning the possibilities offered by the semi-

analytic model detailed in Ref. 48, a tilted laser line source

of infinite length in the x3 axis can be considered. The tem-

poral and spatial Gaussian profiles of this thermoelastic

source are taken into account. The electromagnetic trans-

mission and reflection of the incident laser beam in the mul-

tilayer are calculated, and the optical penetration is

accounted for. The solution to the electromagnetic problem

allows the power densities dissipated into heat, which are

used as source terms for solving the heat diffusion problem,

to be obtained. Conduction and convection phenomena are

considered to find the amplitudes of the thermal waves that

are diffusing in the structure. Next, analytic solutions of the

displacement fields generated by the thermal expansion are

determined in the Fourier domain. Subsequently, a double

numerical inverse Fourier transform in space and time is

performed to find the displacement field in the time domain.

The thermal coupling between media I and II is obtained

with a thermal resistance, which is defined from the thermal

properties of all the sublayers inserted between media I and

II. Electromagnetic and mechanical coupling conditions are

taken into account with transfer matrices.45,46

In Secs. IV and V, this numerical model is applied to

solve inverse problems involving bonded aluminum sub-

strates. Thus, further assumptions are formulated for the res-

olution of electromagnetic, thermal, and elastodynamic

problems.

First, perfect electromagnetic and thermal coupling

between media I and II is assumed. Indeed, the thermoelas-

tic source remains localized at the surface of medium I

because (i) the optical penetration depth of a normal inci-

dent laser beam in aluminum is about 4.7 nm along the x1

axis (@ kopt¼ 532 nm) and (ii) the thermal penetration

depth is equal to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2D11=x

p
¼ 2:0 lm with the thermal dif-

fusivity of aluminum D11 ¼ 62 lm2 ls�1 and the angular

frequency x ¼ 2p f rad ls�1, with f¼ 5 MHz.48 Both opti-

cal and thermal penetration depths are negligible compared

with the thickness of medium I, which is of the order of a

millimeter. Thus, perfect conditions of electromagnetic and

thermal coupling can be imposed between media I and II

because none of these waves are interacting with the bond-

ing interface.

Second, the mechanical coupling between two alumi-

num substrates is modeled with normal (KN) and transverse

(KT) interfacial stiffnesses43 [shown in Fig. 1(a)]. This

model results from the simplification of the transfer

matrix45,46,48 that links displacements and stresses between

the upper and lower surfaces of an elastic plate.57 Assuming

that the acoustic wavelengths are large with respect to the

adhesive joint thickness, this transfer matrix can be simpli-

fied into an identity matrix having two extradiagonal terms:

KN and KT. It implies continuity of stresses (r11, r12) and

discontinuity of displacements (u1, u2) at the interface

between media I and II at x1¼ h1 [see Fig. 1(a)], which

gives

rI
11jx1¼h1

¼ rII
11jx1¼h1

¼ KNðuII
1 jh1
� uI

1jh1
Þ; (3)

rI
12jx1¼h1

¼ rII
12jx1¼h1

¼ KTðuII
2 jh1
� uI

2jh1
Þ: (4)

C. Results of semi-analytic simulations

Numerical results achieved with this semi-analytic

model are plotted in Fig. 2. Note that the horizontal dashed

gray line stands for the interface between media I and II.

The bilayer structure is composed of an aluminum plate of

thickness mm mechanically coupled to a semi-infinite alu-

minum medium. Both media are considered homogeneous,

linear, and isotropic of density q ¼ 2:7 103 kg m�3 and elas-

tic coefficients of C11 ¼ 109:9 GPa and C66 ¼ 26:5 GPa.

Concerning the thermoelastic source, a normal incident laser

line pulse of infinite length along the x3 axis is considered.

The pulse duration is sp ¼ 8 ns, which corresponds to the

full width at half maximum (FWHM) of the temporal

Gaussian profile. The width of the laser line source along

the x2 axis is as ¼ 0:2 mm, which corresponds to the

FWHM of the spatial Gaussian profile. Three cases are sim-

ulated for different values of normal and transverse interfa-

cial stiffnesses. The first case is the simulation of the

FIG. 2. (Color online) Results of semi-analytic simulations (Ref. 57) in

three different cases. Snapshots at t¼ 1.25 ls of the normalized (Norm.)

normal displacement u1 in a bilayer structure with normal and transverse

interfacial stiffnesses [illustrated in Fig. 1(a)] of (a) KN ¼ KT

¼ 10�3 kN mm�3 for the decoupling case, (b) and KT ¼ 101 kN mm�3 for

the intermediate coupling, and (c) KN ¼ KT ¼ 105 kN mm�3 for the high

mechanical coupling between media I and II.
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normalized normal displacement u1ðx1; x2; tÞ with KN ¼ KT

¼ 10�3 kN mm�3: This is equivalent to a mechanical decou-

pling between media I and II, i.e., ultrasonic waves are fully

reflected from the interface, as shown in Fig. 2(a). The sec-

ond case deals with an intermediate mechanical coupling

with KN ¼ 103 kN mm�3 and KT ¼ 101 kN mm�3: In

Fig. 2(b), simulated elastic waves are reflected from the

interface at x1¼ h1 and are transmitted into medium II.

The third case is the simulation of ultrasonic propagation

when KN ¼ KT ¼ 105 kN mm�3; which corresponds to a

high mechanical coupling. Since the two media are the

same, a total transmission of the elastic waves at the inter-

face is observed in Fig. 2(c). This simulation is analogous to

what would have been obtained in an elastic half-space.

Such numerical results obtained with the semi-analytic

model are the basis of the here-proposed method to solve

the inverse problem to obtain a quantitative estimate of the

adhesive bonding through values of KN and KT.

IV. RESOLUTION OF INVERSE PROBLEMS WITH
SIMULATED DATA

An inverse method is proposed to identify the values of

interfacial stiffnesses KN and KT using the amplitudes of the

synthesized plane waves reflected from the bonding inter-

face. The method is illustrated in Fig. 3 and is based on the

two previous sections: the plane wave synthesis in Sec. II

and the resolution of the direct problem in Sec. III. First of

all, the plane wave synthesis is applied on a B-scan, which

represents the normal displacement of the surface as a func-

tion of time t and position x2. A large number of delays

dt are imposed on these temporal signals to synthesize

plane waves with different propagation angles un with n
¼ fL;Tg: The adjustable parameter to control this angle is

defined as 1=VS ¼ dt=dx in Fig. 3, with dx the fixed spatial

step of the B-scan along the x2 axis and dt the delay that can

be modified. These input data, which depend on time t and

the adjustable parameter 1=VS (see Fig. 3), are then com-

pared to a database of a set of semi-analytic simulations

with different values of interfacial stiffnesses KN and KT.

Thus, the normal and transverse interfacial stiffnesses are

identified by finding the minimum of a cost function, which

will be defined in the following.

The algorithm presented in Fig. 3 was tested with simu-

lated input data before being used with experimental input

data in Sec. V. This ensures that the inverse method works

with input signals that have known interfacial stiffnesses.

Furthermore, these simulated temporal signals were noised

to get closer to experimentally measured waveforms. Three

cases have been studied with different values of normal and

transverse interfacial stiffnesses to represent three main sit-

uations: low, intermediate, and high mechanical coupling

between media I and II. The first case dealt with low values

of interfacial stiffnesses KN ¼ KT ¼ 10�3 kN mm�3. In this

specific situation, the mechanical coupling was so weak that

the elastic waves were fully reflected from the interface and

no waves were transmitted in medium II [see simulation

results in Fig. 2(a)]. Hence, this simulation was similar to

that obtained for laser-generated ultrasound in an aluminum

plate. Concerning the input data of the algorithm, a B-scan

was simulated, with the semi-analytic model48 succinctly

presented in Sec. III B. Gaussian noise was applied to the

temporal signals to be closer to an experimental case with a

SNR � 20 dB. Next, the plane wave synthesis was applied

on these temporal signals following the sum introduced in

Eq. (1). The delay dt between the signals siðtÞ and siþ1ðtÞ
was applied in the Fourier domain by multiplying the fast

Fourier transform of siðtÞ by e|xidt; with | the imaginary

number, x the angular frequency, and i 2 ½�N;N� the

source position shown in Fig. 1(b). For each propagation

angle imposed by the delay dt, the summed signal s(t) was

convolved, with a complex Morlet wavelet having a center

frequency of 5 MHz and a bandwidth at �3 dB equal to 4

MHz. This allows detection of the TOF and the amplitudes

of the synthesized plane waves reflected from the interface.

As the laser pulse generates wideband ultrasonic waves, the

convolution by the complex Morlet wavelet acts as a band-

pass filter to avoid considering high-frequency waves

whose wavelengths are too short to be accurate for the

model of the bonded assembly with interfacial stiffnesses.

By varying the parameter 1=VS ¼ dt=dx between 60.2 ls

mm�1 with a 3:2� 10�3 ls mm�1 step, 129 propagation

angles were imposed. This allowed the synthesis of longitu-

dinal plane waves with propagation angles uL up to 690�

and transverse plane waves with uT between 640�. Indeed,

beyond this angle, transverse waves of relatively low ampli-

tudes were generated according to the directivity pattern of

a thermoelastic source.58 These postprocessed signals were

then compared to a database of 1089 semi-analytic simula-

tions with different values of KN and KT from 10–3 to 105 kN

mm�3, with a step of 100.25 kN mm�3. It took about 30 h to

compute this complete database on a laptop (Intel
VR

CoreTM

i7-6500U central processing unit at 2.5 GHz, 16 GB random

access memory; Intel Corporation, Santa Clara, CA).

Comparisons were made using a cost function based on the

mean squared error (MSE) between the results of the plane

wave synthesis applied on the input data and the simulations

of the database.

FIG. 3. (Color online) Diagram of the method to solve the inverse problem.

The input data are B-scans where the plane wave synthesis (PWS) is

applied. They are then compared to a database of semi-analytic simulations

for different values of interfacial stiffnesses. The minimum of the cost func-

tion is finally searched to identify the values of KN and KT, which gives the

lowest MSE between the input and the database.
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For the first studied case, where the input values were

KN ¼ KT ¼ 10�3 kN mm�3 [simulation in Fig. 2(a)], the

cost function is provided in Fig. 4(a). The identified values

of KN and KT were found when this function was minimum.

This is represented by the red rectangle in Fig. 4(a), consid-

ering an uncertainty margin of 60.1 dB on the minimum

value of the cost function. This margin was chosen to

account for uncertainties due to the addition of noise to the

input data, which results in very small local variations of the

cost function compared with those observed on a more

global scale. This uncertainty margin of 60.1 dB is equal to

the standard deviation obtained after 100 successive resolu-

tions of the inverse problem with randomly generated

Gaussian noise added on the simulated B-scans and used as

input data. The identified values of KN and KT are reported

in Table I. In this case, the cost function is effectively the

lowest for low values of interfacial stiffnesses in the range

[10�3; 10�0:5] kN mm�3 for KN and [10�3; 10�0:75] kN mm�3

for KT. The fact that the identified values are within a given

range is due not only to the added noise, as already

discussed, but also to the fact that the reflection coefficients

of the interface are not sensitive enough to small variations

in mechanical coupling when interfacial stiffnesses are

already low (i.e., <1 kN mm�3). For the intermediate

mechanical coupling case, where the cost function is plotted

in Fig. 4(b), it is different. The minimum of the cost function

is exactly equal to the value of the input interfacial stiff-

nesses, which are KN ¼ 103 kN mm�3 and KT ¼ 101 kN

mm�3. Thus, the reflection coefficients are highly sensitive

to a change of mechanical coupling in this range of interfa-

cial stiffnesses. For the high mechanical coupling case, the

cost function is represented in Fig. 4(c). The identified val-

ues of interfacial stiffnesses are in the range [104:25; 105] kN

mm�3 for KN and [103:75; 105] kN mm�3 for KT. This is con-

sistent with the input values of interfacial stiffnesses that

were KN ¼ KT ¼ 105 kN mm�3. As in the case of low

mechanical coupling, the reflection coefficients are less sen-

sitive to small variations of mechanical coupling when inter-

facial stiffnesses are already high (i.e., >1 MN mm�3); that

is why the identified values are given within a particular

range in Table I.

The interest of using the plane wave synthesis to com-

pare the input data to the database and not to directly com-

pare the B-scans (as it could be thought by looking at Fig. 3)

is justified for two main reasons. First, the application of the

plane wave synthesis implies a sum on all temporal signals

[see Eq. (1)] of the B-scan between 616 mm (on 401 posi-

tions in the x2 direction). Thus, the sum of these signals

leads to the reduction of the noise level, as observed experi-

mentally when temporal signals are averaged to improve the

SNR. Indeed, the noisy parts of temporal signals that do not

contribute to the synthesis of plane waves are reduced, and

the signals that lead to the synthesis of plane waves are

amplified. Second, this postprocessing technique filters the

contribution of surface acoustic waves, here essentially

Rayleigh waves, which propagate at the free surface of

medium I in the 6x2 direction and do not interact with the

bonding. Indeed, the Rayleigh wavelength is equal to

0.59 mm at 5 MHz, and the thickness of medium I is equal

to 1.45 mm. This enables analysis of mainly plane waves,

which are synthesized from bulk waves reflected from the

bonding interface and which contain the necessary informa-

tion about the mechanical coupling conditions between the

two bonded media.

FIG. 4. (Color online) Cost functions (in dB) obtained when the plane wave

synthesis is applied on simulated B-scans, with the addition of noise, for interfa-

cial stiffnesses of (a) KN ¼ KT ¼ 10�3 kN mm�3; (b) KN ¼ 103 kN mm�3 and

KT ¼ 101 kN mm�3; Ballard (c) KN ¼ KT ¼ 105 kN mm�3: The red rectan-

gles indicate the location of the minimum of each cost function with an uncer-

tainty margin of 60.1 dB.

TABLE I. Results obtained by solving the inverse problem with noisy sim-

ulations as input data.a

Input data Identified parameters

Simulation data KN KT KN KT

Low coupling 10�3 10�3 [10�3; 10�0:5] [10�3; 10�0:75]

Intermediate coupling 103 101 103 101

High coupling 105 105 [104:25; 105] [103:75; 105]

aThree different cases were processed for input values of KN and KT given

in kN mm�3: low, intermediate, and high mechanical coupling between

media I and II. The interfacial stiffnesses identified using the minima of the

cost functions are reported.
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In this section, the results with simulated input data

have been presented, and it has been shown that the algo-

rithm illustrated in Fig. 3 allows the identification of interfa-

cial stiffnesses from the amplitudes of the synthesized plane

waves. In Sec. V, experimental input data are presented

from which the values of KN and KT are found.

V. RESOLUTION OF INVERSE PROBLEMS
WITH EXPERIMENTAL DATA

The inverse problems were solved in Sec. IV to identify

the values of normal and transverse interfacial stiffnesses

from simulated signals. In this section, the algorithm pre-

sented in Fig. 3 is demonstrated with experimental input

data. The aim is to identify two key parameters (KN and KT)

that model and characterize the practical adhesion between

media I and II.

A. Sample preparation

Laser ultrasonic measurements have been performed on

three samples. The first specimen was a 1.23-mm-thick alu-

minum alloy plate of aeronautical quality (6061 grade;

Goodfellow, Huntingdon, United Kingdom) of lateral

dimensions 150 � 150 mm2. Two other samples were com-

posed of 1.45-mm-thick 6061 Al plates bonded with an

aeronautical structural adhesive film (AF 191; 3M,

Maplewood, MN) on a 20-mm-thick aluminum alloy sub-

strate. The lateral dimensions of these bonded assemblies

were similar to those of the first aluminum plate. With

regard to the manufacturing process, the aluminum alloy

surfaces were first degreased with ethanol. Then, between

the 1.45-mm-thick plate and the thicker substrate, strips of

material about 5 mm wide were placed on the edges of the

surfaces. These strips were used to prevent the glue from

leaking during curing and to control the thickness of the

epoxy layer (equal to 150 lm). Next, a constant pressure

was applied during curing with spring clamps calibrated at

65 N and homogeneously distributed across the sample sur-

face.7 One bonded sample was manufactured without

defects (later called “nominal”) and another with an interfa-

cial bonding defect between the top aluminum alloy plate

and the epoxy layer. This degradation was introduced by

applying one layer of release agent (R.A.; FREKOTE
VR

44NCTM; Henkel Adhesives, D€usseldorf, Germany) with a

clean, lint-free cloth on the degreased aluminum alloy sur-

face.27 This R.A. layer had the effect of degrading the prac-

tical adhesion between the aluminum alloy plate and the

adhesive. This protocol led to a significant reduction in the

structural mechanical strength of the bonding interface

while maintaining a mechanical coupling between two parts;

they were not detached. These two bonded samples, with

and without bonding defects, were cured simultaneously in

a laboratory oven at 150 �C for 3 h with ramps up and down

(heating and cooling) of 2 �C min�1. The longitudinal static

strengths were measured on the order of 20 MPa for the

nominal bond and 2 MPa for the sample with adhesion

defects. These two bonded assemblies could not be

distinguished by acoustic microscopy measurements carried

out at 30 MHz.

B. Experimental setup

The laser ultrasonic setup presented in Fig. 5 was used

to acquire the experimental B-scans of the three specimens.

A Q-switched Nd:YAG laser (SpitLight Compact 400,

532 nm; InnoLas Laser GmbH, Krailling, Germany) deliver-

ing 8-ns pulses of 200 mJ with a repetition rate of 10 Hz was

used to generate ultrasonic waves in the samples. The laser

beam was first attenuated using a k=2 plate and a polarizing

beamsplitter to adjust the intensity to remain in the thermo-

elastic (nondestructive) regime. It was then focused onto the

surface sample with a cylindrical lens to obtain a line source

oriented along the x3 axis of about 10 mm. The Gaussian

profile along the x2 axis had a FWHM equal to 0.2 mm. To

acquire each B-scan, this laser line source was successively

displaced to the 2Nþ 1 positions with the moving stage A

shown in Fig. 5. The spatial step dx along the x2 axis was

equal to 0.08 mm. Thus, the line source was moved along

401 positions over a total length of 32 mm. The normal dis-

placement of the surface was measured with a two-wave

mixing interferometer (TWM Laser Ultrasound Detector,

1064 nm, bandwidth 0.7–40 MHz; Tecnar, Saint-Bruno-

de-Montarville, Quebec, Canada). The laser detection spot,

with a diameter at FWHM of 0.6 mm, was always positioned

at the center of the generation sources array. Temporal sig-

nals were recorded with an HDO4054A oscilloscope

(Teledyne LeCroy, Chestnut Ridge, NY) and transferred to

a computer for postprocessing. The photodiode, at the out-

put of the Nd:YAG laser cavity, was used to trigger the

detection of the interferometer signal by the oscilloscope.

For each laser line source position, 500 temporal signals

were averaged to increase the SNR � 20 dB.

C. Simple case of the free-standing plate

For the aluminum alloy plate of thickness 1.23 mm, the

experimental B-scan acquired with this setup is represented

in Fig. 6(b). Qualitatively good agreement between the

experiment and the simulation performed with the semi-

FIG. 5. (Color online) Laser ultrasonic setup for the acquisition of experi-

mental B-scan.

J. Acoust. Soc. Am. 150 (3), September 2021 Hod�e et al. 2083

https://doi.org/10.1121/10.0005975

https://doi.org/10.1121/10.0005975


analytic model is observed,48 as shown in Fig. 6(a). The

plane wave synthesis was applied on these numerical and

experimental B-scans following the same process and

parameters as those presented in the previous section. The

results are plotted in Figs. 6(c) and 6(d) for the simulation

and the experiment, respectively. In these figures, the syn-

thesized plane waves illustrated in Fig. 1(a) can be identified

using their TOFs. For instance, four reflected plane waves

(2L, LT, TL, 2T) are represented in Figs. 6(c) and 6(d). As

time increases, more and more plane waves are synthesized

as an incident plane wave is reflected in two waves of longi-

tudinal and transverse polarizations at each interface. This

complicates the signal analysis because the total number of

synthesized plane waves in medium I is equal to 2rþ1; with r
being the number of reflections. It is exactly for this reason

that the amplitudes of the reflected plane waves were not

analyzed separately, but a strategy based on inverse problem

solving using all the reflected plane waves was adopted.

Following the same approach as presented in Sec. IV,

inverse problems were solved to identify the interfacial

stiffnesses (KN and KT) of these three samples: the alumi-

num alloy plate and both bonded assemblies with and with-

out adhesion defects. The experimental B-scans acquired

with the laser ultrasonic setup shown in Fig. 5 were used as

input data for the algorithm presented in Fig. 3. Next, plane

wave synthesis was applied on these temporal signals and

compared to the database composed of 1089 semi-analytic

simulations with different values of KN and KT from 10–3

to 105 kN mm�3, with a step of 100.25 kN mm�3. These

comparisons were based on the MSE to obtain the KN- and

KT-dependent cost functions plotted in Fig. 7. The red rec-

tangles indicate the minimum of each cost function with an

uncertainty margin of 60.1 dB, as defined in Sec. IV. This

uncertainty margin is used to account for very small local

variations of the minimum of the cost function due to noise

on temporal B-scans. The extracted values of KN and KT are

reported in Table II. For the aluminum alloy plate, the val-

ues comprised between 10�3 and 100:75 kN mm�3 for KN,

and 10�3 and 100:5 kN mm�3 for KT. This is consistent with

the case presented in Sec. IV where the algorithm was tested

FIG. 6. (Color online) Comparisons between simulation and experiment for the 1.23-mm-thick aluminum alloy plate. (a) Simulated B-scan obtained with

the semi-analytic model described in Ref. 48. The normalized (Norm.) normal displacements at the top surface of the aluminum alloy plate are simulated as

a function of time and position x2. (b) Experimental B-scan measured with the setup presented in Fig. 5. The longitudinal wave (L) and the Rayleigh wave

(R) are identified with solid lines. (c) and (d) Results of the plane wave synthesis applied on the simulated and experimental B-scans, respectively. The TOF

of the reflected synthesized plane waves are identified as dash-dotted line for the 2L longitudinal plane wave, dashed line for the 2T transverse plane wave,

and dotted line for the sum of the LT and TL plane waves [previously illustrated in Fig. 1(a)]. amp., amplitude.

FIG. 7. (Color online) Cost functions

obtained when experimental B-scans

of (a) an aluminum alloy plate, bonded

assemblies Al/epoxy/Al (b) with R.A.

and (c) without R.A., are used as input

data for the algorithm shown in Fig. 3.

The red rectangles indicate the mini-

mum of each cost function with an

uncertainty margin of 60.1 dB.
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on simulated data with really low values of interfacial stiff-

nesses KN ¼ KT ¼ 10�3 kN mm�3. The cost function is rep-

resented in Fig. 4(a), and this result is close to what is

observed for the experimental case in Fig. 7(a). This first

result allows validation of the method on a simple experi-

mental case (free-standing plate) before applying the algo-

rithm on bonded assemblies. It is important to note here that

numerous physical phenomena must be accounted for in the

simulations, in particular thermal diffusion, to obtain such

results with experimental data.

D. Quantification and differentiation of two adhesive
bonding conditions: Nominal and degraded

The results are plotted in Fig. 7(b) for the bonded sam-

ple with adhesion defects and Fig. 7(c) for the nominal

bonding. The extracted values of KN an KT are reported in

Table II. For the degraded bonding, with the layer of R.A. at

one interface, the identified values comprised between 100:5

and 101 kN mm�3 for KN and 100:25 and 100:5 kN mm�3 for

KT. For the nominal bonding, the identified values are higher

and comprised between 102 and 102:25 kN mm�3 for KN and

101 and 101:5 kN mm�3 for KT. Therefore, the method ena-

bles these two bonded samples to be distinguished, as can be

seen from the cost functions in Figs. 7(b) and 7(c).

A covariance analysis was conducted to investigate the

sensitivity of KN and KT to the cost functions presented in

Fig. 7. For fixed values of KT, the variances and covariances

between the cost functions and KN are plotted in Fig. 8 (on

the left). The same was done to study the variances and

covariances between the cost functions and KT for fixed val-

ues of KN (Fig. 8 on the right). For the free-standing alumi-

num alloy plate and the bonded sample with adhesion

defects (R.A.), the variances are higher as a function of KT

for low fixed values of KN than the variances as a function

of KN for low fixed values of KT. The cost functions are

therefore more sensitive to a change in the KT than in the KN

parameter. Concerning the nominal bonding, for fixed val-

ues of KT 2 ½101; 101:5� kN mm�3 (identified in Table II),

the variance of the cost function is lower than the one

obtained for fixed values of KN 2 ½102; 102:25� kN mm�3

(identified in Table II). Thus, as in the case of the free-

standing aluminum alloy plate and the bonded sample with

adhesion defects (R.A.), the cost function is more sensitive

to a change in the KT than in the KN parameter. The same

observations as those exposed previously can be made by

looking at the covariances for fixed values of KT or KN. The

additional information obtained by studying the covariances

is that they are always positive. When KT is fixed, this

means that an increase of KN also tends to an increase of the

cost function. When KN is fixed, an increase of KT also tends

to an increase of the cost function. These observations are

consistent with the general shape of the cost functions

shown in Fig. 7.

For the bonded sample with adhesion defects, the

extracted values of KN and KT are close to those achieved

for the free-standing aluminum alloy plate. This is due to

the fact that the lack of adhesion caused by the layer of R.A.

results in weaker mechanical coupling, which has an effect

on the amplitudes of the reflected plane waves, making the

method sensitive to this type of degradation. Furthermore, in

Fig. 7, the minimum of the cost function is higher for the

nominal bonding (�10 dB) than for the two other cases

(�20 dB). A possible explanation is that the adhesive layer

has an influence on the experimental temporal signals that is

not fully captured by the simulations of the database. The

modeling of the bonding was voluntarily chosen with only

two effective parameters related to the mechanical strength

of the bonding to avoid the identification of a large set of

parameters. In fact, to solve the inverse problem with a finer

modeling of the bonding,26,44 eight parameters must be con-

sidered: two interfacial stiffnesses for the upper interface

(medium I/adhesive), two others for the lower interface

(adhesive/medium II), and four for the adhesive layer [one

for the thickness, two for the elastic coefficients (if the adhe-

sive is assumed to be isotropic), and one for the mass den-

sity]. To give an order of magnitude considering 30 values

for each of the eight parameters, 656.1 � 109 simulations of

laser-generated ultrasound need to be performed to generate

the database used for the algorithm presented in Fig. 3 (com-

pared with the 1089 simulations required in this paper). By

keeping calculation time within a reasonable range, the

model used here and limited to the variation of two key

parameters, KN and KT, demonstrates the ability to

TABLE II. The interfacial stiffnesses identified by solving the inverse prob-

lem with experimental B-scans as input data in three different experimental

cases: aluminum alloy plate, adhesive bonding Al/epoxy/Al with R.A. and

without (called nominal bonding).

Input data Identified parameters

Experimental data KN KT KN KT

Aluminum alloy plate — — [10�3; 100:75] [10�3; 100:5]

Bonding with R.A. — — [100:5; 101] [100:25; 100:5]

Nominal bonding — — [102, 102.25] [101, 101:5]

FIG. 8. (Color online) Left: variances (var) and covariances (cov) between

the cost functions (presented in Fig. 7) and KN for fixed values of KT. Right:

var and cov between the cost functions and KT for fixed values of KN.

Nom., nominal.
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quantitatively distinguish the three studied specimens from

a simplified, although physically justified, model.

VI. CONCLUSION

A laser ultrasonic method has been presented for the

NDE of adhesive bonding. Elastic plane waves are synthe-

sized with several propagation angles with respect to the

bonding interface. The synthesized plane waves were used

to solve an inverse problem to identify normal and trans-

verse interfacial stiffnesses (KN, KT) that model the mechan-

ical coupling between two bonded substrates. The

developed algorithm was first validated with input data sim-

ulated with a semi-analytic model, where Gaussian noise

was added. Next, experimental signals acquired on an alu-

minum alloy plate and on two bonded assemblies (with and

without adhesion defects) were used as input data. This

method allowed for distinguishing these three specimens by

finding the minima of cost functions on the basis of the dif-

ferences between the input data and a database composed of

semi-analytic simulations for a large set of KN and KT.

Concerning the limits of this approach, the mechanical

properties of the bonded substrates must be known to obtain

accurate simulations of the ultrasound propagation neces-

sary for the creation of the database. Furthermore, this

method provides average values of KN and KT for the

scanned area (32 mm in our experiments); no local bonding

defects can be detected. In addition, the top plate, where the

laser generation and detection are performed, must be free

of imperfections as is assumed in the model. However, such

imperfections can be easily detected since the detection of

elastic waves with shorter TOFs than those reflected from

the bonding interface would be a sign of such imperfections.

In terms of prospects, other methods of comparison

between the input data and the database could be tested,

such as structural similarity index measure (SSIM)59,60 or

others. Moreover, the presented method could be imple-

mented with an even more complete semi-analytic model

taking the thickness, the elastic coefficients, and the mass

density of the adhesive into account. The introduction of

new parameters will greatly complicate the resolution of the

inverse problem by considerably increasing the number of

simulations required to create the database (see Sec. V). A

thoughtful analysis of how the parameter dependence/

independence affects the solution of the inverse problem

could eventually permit a decrease in the number of degrees

of freedom in the minimization process. Succeeding in

doing so would allow consideration of reflected plane waves

of higher frequencies (above 5 MHz) and, therefore, would

ensure that a more accurate description of the bonded

assembly be obtained.
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