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Abstract

In the Structural Health Monitoring (SHM) field, Acousto-Ultrasonic (AU) methods are active
techniques successfully used for detecting the presence of damage and localizing it using Guided
Lamb waves (GLWs) on plate-like structures. It is envisioned to be of great potential use for
assessing damages within bonded structures. These structures are set to achieve weight reduction
objectives in the aerospace industry. The goal of SHM is to ensure the safety of these type of
structures. To achieve these goals, certifications requirements must be met. A numerical AU Time
Reversal Method (TRM) method is being considered for damage detection of an Aluminum Alloy
5083 Single Lap Shear Joint (SLSJ). The joint considered in our study is adhesively bonded with
a viscoelastic ProSet® ADV176/276 adhesive system [1] and manufactured following the
configuration outlined in ASTM Standard D1002. Standard material characterization testing
following ASTM ES8 and D638 was evaluated as part of this study. The structural integrity of the
bonded joints was analyzed though a computational finite element model (FEM) developed in
ABAQUS CAE™. A pitch-catch active sensing method with piezoelectric Lead Zirconate Titanate
(PZT) transducers and the use of a 5-cycle Hanning window was considered for interrogating the
health of the structure. This study focused on the use of SHM systems to assess the structural
integrity of bonded joints without considering environmental effects. The results obtained in this
study show how the TRM method can be successfully applied to bonded joints when edge
reflections are controlled on a pristine and damage configuration. Moreover, the introduction of
an innovative technique to introduce damage on FEA models to make an accurate damage
detection of real-like damages. The results obtained as part of this study open the need for further

studies.
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2. Introduction

2.1. Background and motivation

The mandate for greater fuel efficiency has given rise to the development of lightweight structures
without compromising safety across the aerospace industry. Adhesively bonded joints are one of
the techniques envisioned for eliminating mechanical fasteners in structures, thus providing the
desired weight reduction. However, the presence of defects in the adhesive bond line may
compromise the structural integrity of the adhesively bonded joints and potentially lead to
premature failures. Structural Health Monitoring (SHM) systems have the possibility to reduce
failure risks on structural joints. This is achieved with information captured by SHM systems,
while processing algorithms inform the user of potential integrity issues within the structure. The
aerospace community has been working on identification and monitoring of crack growth on
critical components. Assessment of the development of damage is fundamental for employing
bonded joints in the aeronautical industry. SHM systems for assessing damages within structures
are commonly categorized as passive or active sensing techniques. Acousto-ultrasonic (AU) is one
of the active techniques that when integrated into a structure can gather real-time data of the
structural integrity of these joints and thus provide an early warning. It is envisioned that the use

of this technique will lead to the implementation of a novel AU-based SHM on bonded joints.
2.2. Scientific question

Being able to monitor and predict when a bonded joint will start to fail is one of the primary
requirements by the certification authorities for their widespread usage in primary structures [2],
[3]. Guided Lamb waves (GLWs) on plate-like structures have been successfully studied due to
their ability to travel long distances along a structure. These types of waves can be generated and
recorded using piezoelectric transducers such as, Lead Zirconate Titanate (PZT) actuators and
sensors. In a traditional scenario, a transducer Y registers an emitted signal through the structure
transmitted from transducer X. The sensed signal, after post-processing, is prone to indicate the
presence of damage signatures. Following that, if a time reversal method is employed to the

received signal on transducer Y and send it back to transducer X, this can be compared with the



initial emitted one to determinate the presence of damage. One of the main challenges for damage
detection on structural single lap shear bonded joints is the limited range for usable frequencies.
Therefore, with the use of an AU-based SHM system, this works aims at assessing the integrity of

the adhesive on single lap shear bonded joints, to answer the main scientific question:

- Is it possible to monitor the integrity and determine when the adhesive of single lap shear

bonded joints start to fail using time reversibility of Lamb waves?

2.3. Objective and approach

To answer the scientific question, the following approach will be considered. The first step was to
perform an adequate literature review about GLWs and Time Reversal Method (TRM) found in
the open literature. Experimental and ABAQUS CAE™ computational model of a metal-to-metal
Single Lap Shear Joint (SLSJ) was developed based on ASTM D1002 standard dimensions. The
material properties used as input for the finite element model were gathered from standard
mechanical testing and technical data sheets from suppliers [1]. The finite element model of the
AU-based damage detection system was developed by preliminary results collected from different

models’ iterations to monitor the integrity of the SLSJ bond line.

2.4. Dissertation outline

This dissertation is divided into 6 chapters:
e Chapter 1 encloses the motivations of this study with the to-be answered scientific
question, the objectives, approach, and the dissertation outline.
e Chapter 3 contains a literary review of the bonded joints, description of SHM systems and
AU, the theory of elastic waves including the explanation of GLWs, and its usage in the
SHM field. TRM concepts and applications are also explained in this chapter.



Chapter 4 consists of a state-of-the-art on the use of Lamb waves in the SHM field and the
application of the TRM. This section will address the gaps of reliable damage detection on
bonded joints and the importance of this thesis work.

Chapter 5 consists of a detailed explanation of the methodology employed for the AU-
based SHM. This includes material characterization, SLSJ manufacture and computational
considerations for the finite element model.

Chapter 6 mainly focus on the acoustic-ultrasonic results obtained from the finite element
model for the fulfillment of this thesis dissertation.

Chapter 7 is a discussion of the results obtained from the finite element model and outlines

the conclusions. It also presents suggestions and future works on this topic.



3. Literary review
3.1. Bonded joints

The tendency to fabricate bonded structures in the aerospace industry is growing fast over the use
of mechanical fasteners. They provide more advantages on the structure, such as, weight
reductions, the absence of stress concentrations and ability to join dissimilar materials [4], [5]. On
the other hand, bonded joints are still unreliable on primary aeronautical structures. To achieve
widespread acceptance of bonded joints in primary structures, the certification authorities have
very specific regulations. According to the Advisory Circular 20-107B from the Federal Aviation
Administration (FAA), any bonded joint must be substantiated by: i) applying mechanical
fasteners in order to allow for a fail-safe condition; ii) proof testing of each individual joint; or iii)
reliable and consistent monitoring techniques that will worn of the loss of structural integrity [2].
The existing Non-Destructive Inspection (NDI) methods are currently not mature enough for
ensuring a reliable and consistent monitoring. Reliable SHM techniques are intended to fulfill this
structural need. Being able to validate the load capacity can prevent the catastrophic loss of the
airplane. The limit load capacity property relies primarily on manufacturing processes of the
bonded joints, however proof testing to limit load and raise the question on the production of
defects after testing. Potential development of defects such as voids, inclusions, kissing bonds and
pre-existing cracks, as shown on Figure 1 [6], are prone to be present on SLSJ. The existence of
defects result in a severe reduction of the bond strength, which will cause a threat on the reliability

of the structural integrity of the bonded joint [7]-[10].

These types of defects cannot always be avoided in the manufacturing process hence the need to
provide real-time information about the existence and evolution of damages in the structure. This
is essential for the safe usage of adhesives in primary aircraft fuselage and wing structures.
Integrated SHM sensors embedded in the structure may provide a suitable solution to achieve the

certification of adhesively bonded joints required by the FAA.
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Figure 1. Types of damages on single lap shear bonded joints [6]
3.2. Structural health monitoring

An intentional or unintentional change in a structure/mechanical system adversely affecting
the ability to perform its designed function, at any moment of the service life is known as

damage.

Unfortunate accidents such as Aloha Airline Flight 243 shown in Figure 2 [11], serve as a reminder
and motivation to the manufacturers and maintenance teams to maintain safety of aeronautical

structures. SHM technologies are meant to help to avoid catastrophes like this one.

Figure 2. Damage Cause to Aloha Airline Flight 243 [11]



SHM, a non-destructive and continuous monitoring of structural systems, has presented itself as a
solution as a cost-effective and reliable damage detection method [12]. SHM systems consist of a
permanently integrated network of sensors, such as PZT sensors attached to the structure, on board
data acquisition, computing facilities, and algorithms to assess the structural integrity as shown in

Figure 3 [13][14].
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Figure 3. Generic illustration of a SHM system [13]

These integrated systems have the main purpose to reduce complicated inspections, unnecessary
maintenance’s costs, and catastrophic failures by reaching the safety required standards for the
structures during their service life (Limit of Validity (LOV) range). This concept is a limit to life
extension of structures, where any nucleation nor propagation of damage will occur in the structure
before reaching the limit. The LOV has to be indicated and supported by testing evidence, analysis

and, if available, service experience [15].

Many researchers and organizations have their own definition of SHM. An adequate concept of
SHM for this work was taken from Farrar and Worden (2007) as: “the observation of a structure
or mechanical system over time using periodically spaced measurements, the extraction of damage
sensitive features from these measurements, and the statistical analysis of these features to
determine the current state of health”[16]. Sielski (2012) describes an effective SHM as systems
that are able to monitor the operational loads, identify reduction in performance, early damage
detection, perform a prognosis analysis about the potential failure of the structure, and provide an
execution plan of corrective maintenance [17]. This is sustained by Lammering et al. 2018 where

the objectives of an effective SHM system are presented as being able to detect the: a) existence



of a damage; b) location of the damage; c) size of the damage and d) the damage type [18].
Balageas et al. (2006) explain some of the most common types of SHM techniques such as,
vibration-based, fiber-optic sensing and PZT transducers techniques [19]. State of the art of the
different techniques have been documented by Montalvao et al. (2006) [20], Lépez-Higuera et al.
(2010) [21], D1 Sante (2015) [22], Das et al. (2016) [23], Giiemes et al. (2018) [24], etc.

3.3. Acousto-ultrasonics

Acousto-Ultrasonics is one of the methods that have been used to determine the internal damages
in materials using non-destructive techniques [25]. AU is one of the most cost-effective in-situ
method of SHM due to the capability of achieving the objectives, in practicality and costs [26].

Hence, this method has been frequently used for real time monitoring of the integrity of structures.

AU is an active sensing method, which means that an actuator and a sensor are required. Pitch-
catch is one the most common active sensing techniques. The objective of the different AU
techniques, explained by Vary (1988), relies on disturbing the material with benign stress waves
produced by a controlled external source such as a PZT transducer [27]. Ultrasonic waves are
acoustic waves operating in a frequency range from above the upper limit of the human hearing

(20 kHz) to more than 20 MHz. Figure 4 [28] shows the complete sound spectrum.
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Figure 4. Sound spectrum [28]

The usage of ultrasonic waves allows damage detection in structures. A schematic representation

of an active sensing method is presented in Figure 5 [29]. AU-based systems achieve local damage



detection and localization by placing actuators to perform excitation, and sensors, to have a

controlled diagnostic of the structure.
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Figure 5. Schematic representation of active sensing [29]

Smaller or larger defects can be detected by employing a characteristic operating frequency.
Therefore, while a higher frequency can be used to detect smaller damages, the signal may
encounter problems in penetrating thick structures. Lower frequencies travel easier through
material thickness but can detect larger defects. The literature review shows good results on
damage detection while using active sensing methods on metal plate-like structures. The studies
to date about SHM system using AU methods for damage detection in metal-to-metal bonded

joints are limited to date.
3.4. Guided Lamb waves

Damage can be quantified by examining the unique wave scattering phenomena and mode
conversion of a signal when transmitted on a structure [30].

3.4.1. Theory of elastic waves

Mechanical waves propagating in an elastic medium caused by forces along the surface and
through the thickness of a structure are called elastic waves. Ostachowicz et al. (2008) presented
them in their book as waves that propagate particles of a medium as they move away from the
wave source [31]. The AU-based SHM systems are based on elastic wave propagation. Elastic

waves generally travel through material surfaces without causing any permanent structural change.
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This advantage of elastic waves allows to induce them into a structure to monitor if discontinuities
or structural damages are present. This is achieved through examination of the induced signal after

it has traveled through the structure.

Giurgiutiu (2014) shows the main types of waves that can exist in elastic solids. These are
presented in Table 1 [13], which presence is dependent on the constraints and boundary conditions

imposed on the elastic medium.

Table 1. Types of waves and their properties [13].

Wave type Property

Pressure; P-waves; Longitudinal Characterized by an alternated compression and
rarefaction behavior in the particle motion. This
motion is in the parallel direction of the propagated

wave, thus in the longitudinal direction.

Shear; S-waves or transverse waves | The transverse movement of the particle is the main
characteristic of these waves. The particle in the
transverse movement can travel in a horizontal or
vertical direction. Thus, receiving the name of SH and
SV, horizontal shear, and vertical shear wave

respectively.

Flexural or bending waves The motion of the particle is elliptical. The plane

sections remain plane.

Rayleigh; surface acoustic waves or | The motion of the particle is elliptical. The amplitude

SAW decays quickly with depth.

Lamb waves; guided plates waves or | The motion of the particle is elliptical. Free-surface

GLWs conditions on the upper and lower surfaces of plate
surface.




In this work, the use of Lamb waves for a damage detection on a SHM system are being study.
GLWs are generated by the reflections in the boundary’s surfaces of longitudinal and shear waves

in an elastic solid media. Where pressure waves and shear waves are shown in Figure 6 [32].
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Figure 6. Longitudinal and Shear wave. [32]

Both waves, P-Waves and SV-Waves, can coexist at the same time in the media resulting in the
mentioned GLWs. They consist of a stationary waves arrangement through the thickness, which
creates the Lamb waves modes, with an itinerant behavior along the direction of the waves [31].
The calculation of the components for wave speeds of P-and SV-waves, respectively Cr. and Cr,
in isotropic materials are defined by Eqgs. (1) and (2) where E represents the Young’s modulus, p

the density and v the Poisson’s ratio of the medium [30].

c | _EQ-v) (1)
A p+v)(1-2v)

c - [ E (2)
2p(1+2v)

3.4.2. Guided Lamb waves

Guided Lamb waves are one of the most used elastic waves for detection of cracks in thin-plate
and tubular materials. Discovered by Horace Lamb in 1917 [33] for isotropic materials, but only

employed as a new tool for damage detection by Worlton in 1961 [34]. These waves, possess the
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sensitivity to detect damage as a matter of interferences while propagating through a media. GLWs

can travel long distances losing minimal energy, making them suitable for structural applications.

As stated before, the P-and SV-waves of the GLWs co-exist in the structure in superposition. This
superposition is originated from the reflection of both waves on the upper and lower surfaces of
the plates, creating an infinite number of modes at the same time. Using the wave speed equations
(1) and (2), Su and Ye (2009) defined the general description of GLWs in Eq.(3) from the plain
strain and boundaries conditions in an isotropic and homogeneous plates [30], [35]. Where 4 is the
half thickness of the plate, k the wavenumber, 4 the wavelength of the wave, o is the frequency,

while p and ¢ are described in Egs. (4) and (5) [30].

tan(gh) A qpu 3)
tan(ph)  (Ak* +Ap* +2up’)k* —¢°)
2
, @, 4)
P =—5—k
CL2
P &
CT2

Substituting Eqgs. (1) through (4) into Eq. (5) and determining the ratio of the tangent properties of
the equations, it is possible to obtain two solutions to the equation, these solutions represent the
anti-symmetric and symmetric behavior of GLWs. Egs. (6) and (7) imply that GLWs embody in a
thin-plate as antisymmetric Ajand symmetric S; modes [30]. This is visualized on Figure 6, where
the P-and SV-waves creates both modes, respectively. Where i = 0, 1...., meaning that the
generated modes in a plate are infinite and subscript zero being the lowest order. This is because

higher order modes are developed due to the number of solutions from Eq. (5).
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tan(gh) (K -¢")’ (6)
tan(ph)  4k’gp

tan(gh) _ Ak’ gp

2 2 (7)
tan(ph) (k" —q")

These equations are commonly known as Rayleigh-Lamb equations [36]. It is important to note
that Ao and Sy are considered the important ones in this study-case. Figure 6 shows the behavior
of both modes in an isotropic and homogeneous plate. It also shows that symmetric modes can
also be called longitudinal modes due to their radial in-plane displacement of particles, while the

antisymmetric, due to their out-of-plane behavior are known as flexural.

Since Eq. (1) and (2) calculate the speed of the wave depending on the medium of propagation, it
should also be noted the existence of a propagation speed of the waves, also known as phase
velocity, Cp. Phase velocity represents the rate at which a point in the wave is propagating through
the medium. This does not mean the velocity of the particles, if not the propagation velocity of the
wave phase considering a single frequency from a wave signal range which is related to the
wavelength, Awave. The phase velocity C, can be calculated using equation (8) where £ is obtained

from Eq.(9) [30].

A 10}
C,=—=Af=— (8)
P f -
27
k=— )

In the case of experiments using GLWs, where the two waves are co-existing, a sum of both waves
is needed to obtain only one wave that contains the two frequency components of each wave. This
means that when two or more waves interact with one another, they possess a multi-frequency

wave, and the phase velocity is no longer adequate, as such the group velocity, Cyg, is considered.

12



The group velocity, Eq. (10) [37], known as a complete form of the amplitudes of the multi-waves,
or as an envelope of the waves. This velocity is of special interest on experimentation applications
because the propagation of the energy of the wave is predominantly carried by wave packets that
propagate with this group velocity. The C; depends on the thickness of the material and the

frequencies used.
-1
C g = |:ﬁ:| (10)

34.2.1. Dispersion

The dispersion phenomenon of GLWs can be noticed from Eq (6) and (7), where the wave
velocities have a relationship with the frequency-thickness (wave frequency-thickness of the
studied plate) and is related to the anti-symmetric and symmetric modes. Eq (6) and (7) are also

known as dispersion equations if they are re-arranged as in Eq (11) and (12) [30].

tan(gh) 4k” ptan(ph) 0 (11)
q (k*—q*)’
2 2\2 (12)
gtan(qh) + (k" —q )Ztan(ph) 0

Figure 7 represents an example plot of the velocity dispersion equation of an isotropic plate [38].
The dispersion curves show the correlation between the phase or group velocity and the frequency-
thickness. As mentioned before, the Lamb wave modes tend to an unlimited real solutions of
wavenumbers at a certain frequency [30]. The possible existing modes on an isotropic material can
be seen on the dispersion curves. From the unlimited anti-symmetric and symmetric modes, there
are two that are of major interest. These modes are called fundamental modes and represented as

Ao and So modes.

13



> [T T 11 =

4 — Symmetric 2t ——— Symmetric J
) Anti-symmetric ’\07 Anti-symmetric ‘
e 3 E 15 1
®» 9 8‘” 1t
§ 2 %
1 - 0.5 f
0 ot . .
0 2 4 o 0 2 4 6
fd (kHz-m) fd (kHz-m)

Figure 7. Example of phase and group velocity dispersion curves respectively [38]

3.4.2.2. Attenuation

When GLWs propagate, wave energy is what travels through the medium. The energy tends to
dissipate as they advance along it. This phenomenon is known as attenuation. The dissipation
occurs in the amplitude of the emitted signal, and this becomes more evident when they encounter
a damage or non-homogeneity on the material. Attenuation behaves differently depending on the
wave mode. The attenuation of anti-symmetric modes is considerably higher than symmetric
modes due to the out of plane displacement, which lets the energy dissipate on the outer
environment instead of just keeping it inside the medium [39]. Su and Ye (2009) observed, by
measuring from two points in a plate, that the amplitude of GLWs decreases proportionally to the
inverse of the square root of the propagation distance [30]. The previous statement describes Eq.
(13) [30] and with-it the attenuation of GLWs can be compensated by multiplying the measured
signal amplitude by the square root of the elapsed time, as seen below. Where A(d1) and A(d») are
the GLWs amplitudes at d; and d> respecting the emitter source location. Attenuation graphs of

GLWs in the material are shown on Figure 8 [40].

5

A(d)
A(d,)
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Figure 8. Attenuation of GLWs on AA5083 plate

The use of GLWs has been thoroughly studied by many researchers in the past decade due to their
ability to propagate long distances in plates and shells structures while having a very low
attenuation [41]. Quaegebeur et al. (2011) proposed a model using GLWs to identify induced
disbond defects on dissimilar bonded joints made of carbon fiber reinforced polymer and titanium
plate [42]. He et al. (2013) developed an experimental damage detection and quantification method
employing GLWs on riveted lap joints with PZT sensors embedded [43]. Baid et al. (2015) used
GLWs on an aluminum plate, a woven composite laminate and an aluminum honeycomb sandwich
panel to successfully determine the dispersion curves using a pitch-catch ultrasound setup [44].
Mori and Biwa (2016) experimentally investigated the interaction of GLWs on several bonded butt
joints made from aluminum using different joint properties [45]. Wang et al. (2018) developed a
fatigue life prediction model using GLWs on an aluminum riveted lap joint taking into account a
known crack size [46]. Philibert et al. (2018) and Dafydd and Sharif Khodaei (2020) studied the
use of GLWs to detect induced barely visible impacts on carbon fibre reinforced structures [47],
[48]. Wojtczak and Rucka (2019) studied the consequences of the frequency of GLWs for damage

identification on steel single lap bonded joints [49].

Although, there is wide range of literature regarding the use of GLWs for damage detection on
plate-like structures, the employment of GLWs on structural bonded joints has substantially fewer

studies.
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3.5. Time-reversal method

TRM was proposed by Fink (1992) and developed as a solution for inhomogeneous media
problems [50]. After the studies presented by Fink et al. (1999), different fields started to use body
waves (P- or S-waves) successfully [51], [52]. Their usage range are from ultrasonic brain surgery

[53], active sonar and underwater communications [54] to Non-Destructive Evaluation (NDE).

Ing and Fink (1998) focused on the use of TRM with GLWs. The study showed that TRM was
able to be employed with GLWs and account for the dispersive characteristic of the waves [55].
TRM is a process where a recorded signal is reversed in time and transmitted back from the
receiver to the transmitter location. Figure 9 shows a TRM on a plate-like structure, where (a) is
the input signal applied to a piezoelectric transducer at X, (b) is the response signal captured at Y,
(c) represents the re-transmitted signal after time reversed from Y to X. Finally, (d) is the
comparison of the original emitted signal and the reconstructed signal at X. Theoretically, in the
case of no structural damage along the path between the actuator-sensor, the received signal at the

original transmitter location will be identical as the input signal.

a) Input
Signal
5 ‘ 4 b) Response Time
ompare Signal Reversed

d) Reconstructed l
Signal ¢) Reemited
Signal

Figure 9. Time Reversal Method

As an active SHM system, several active techniques to excite Lamb waves in plate-like structures
have been developed. The used signals can be either Narrow- Band (NwB) or as in nature, a Broad-
Band (BdB). They are characterized by a single central frequency peak and multi-frequency peaks,
respectively. One of the most common NwB signals used is the Hanning Window, better known
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as the Hann Window (HW), which was introduced by von Hann in 1903. Operational conditions

are subjected to events where BdB signals are emitted into the structure instead of NwB.

The TRM for GLWs have the capability to avoid unwanted background noise while gathering and
maintaining the waves’ information. According to literature, defects in a structure can be detected
by reconstructing an original signal without the necessity of being compared with an initial
fingerprint. In other words, the TRM is carried through by taking advantage of the transmission-
receiving capabilities of PZT transducers. These baseline-free damage detection techniques used

on GLWs tend to account for the effects of the dispersion phenomenon.
3.6. Computational methods

3.6.1. Absorbing layer technique

The use of finite element models to simulate guided wave propagation and scattering has been
rapidly increasing due to the impracticality of developing analytical solutions for these problems.
One of the reasons why the implementation of finite element models has been a success is the low
computational cost and the available ultrasonic finite element models that allow the users to
confidently employ them. A fundamental drawback on the computational models is the presence
of unwanted reflections from the model edges which will disturb the reception of the waves. A
simple solution that is not so viable is to increase considerably the area of interest of the model in
order to isolate those unwanted reflections [56]. This method not only increase the computational

cost but also reduce the computational efficiency.

Innovative methods, such as absorbing layer techniques, have been developed in order to avoid
unwanted edge reflections [57]-[60]. The absorbing layer techniques introduce a finite number of
layers from specific size to the spatial domain of the model. These same sized layers are made of
the same characteristic element size but with different properties which will allow to take in the
incident waves. This is being implemented since a reduction in the stiffness and an increase on
damping properties of the material will result in an absorption of the incident waves. Different

absorbing layer techniques have been successfully executed on computational models [61]-[63].

17



Pettit et al. developed a performance optimization of a conventional absorbing layer technique,
named the stiffness reduction method (SRM), in order to provide a better result due to reflective

boundaries within a significant reduced spatial domain [56].

The SRM, as an absorbing layer technique, has as a principle to add material layers into the model,
which will result in a decay of the incident waves. This means that the reflections will be absorbed
by each layer added. The mentioned SRM sections are being altered between layers on the damping
and stiffness properties of the original system where each layer has calculated variables that are
functions of known constants of the original material. Falcetelli (2018) made a numerical
comparison on the use of the SRM against other computational absorbing layer techniques and
non-reflective boundary methods on aluminum plates. He obtained excellent performance results

on the SRM model [64].
3.6.2. Damage and failure

Metal structures that are subjected to high loads undergo large plastic deformations. Plastic
deformation cause metal particles and impurities to disengage from each other causing the
formation of cracks and fracture in the material. Nowadays, special awareness has been made on

the prediction of ductile fracture of metal materials [65].

Computational FE commercial software, can predict onset of failure, simulate the progression of
damage and the failure of ductile materials. This is intended to mimic real initiation and
propagation of damage and the failure of the material. The existing damage models for ductile
metals are frequently used on structural engineering applications due to the high accuracy of
results. Rice et al. concluded a theoretical correlation between void growth rate and material
triaxiality [66]. Trattnig et al. performed different triaxial test applied to austenitic steel and derive

an index correlation based on the developed experimental results [67].

To introduce a ductile damage model on ABAQUS CAE™, three failure mechanism must be
considered. 1) an undamaged elastic-plastic response of the material, ii) damage initiation criterion,
and iii) a damage evolution response, which causes the deletion of the affected elements in the

model.
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The undamaged elastic-plastic response of the material is the deformation of the materials under
mechanical loads which is characterized by an initial elastic deformation. If a critical level of stress
or strain (yield stress or strain) is exceeded, a nonlinear behavior follows the elastic phase of the
material. This nonlinearity is commonly known as plasticity. Where Figure 10 shows the
undamaged elastic-plastic response from the slope (elastic) and going through the behavior after
the yield strength until the ultimate strength (plastic). Linear and non-linear material properties
such as the Young’s modulus, Poisson’s ratio, plastic stress and strain have to be introduced to the
material model in ABAQUS CAE™ to complete the undamaged elastic-plastic response of the

material.
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Figure 10. Generic stress-strain curve [68]

In the case of the damage initiation ABAQUS CAE™ offer different criterions for metals with
distinct types of material failure for example, damage initiation for fracture of metals (ductile and
shear criteria) and for necking instability of sheet metal. The damage initiation for ductile metals
is intended to simulate the initiation of damage caused by nucleation, growth, and aggregation of
voids. This criterion assumes that equivalent plastic strain at the initiation of the damage, &' is a

function of the stress triaxiality and the strain rate.

For a damage evolution response, this criterion theorize that damage is subjected to a gradual
degradation of material hardness which leads to a failure of the material. In this case, Figure 11

shows a stress-strain curve with a progressive damage degradation to implement the damage
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evolution response. Where, oyo and &' are the UTS and equivalent plastic strain at the initiation
of damage with an overall damage index (DI) equal to 0. Respectively, g'ris the equivalent plastic

strain at failure with a damage index equal to 1.

=pl = pl =
€o €

Figure 11. Stress-strain curve with progressive damage degradation [69]

This can be introduced by identifying the slope of the material to find the fracture strain or
equivalent plastic strain value and consequently, the damage indexes by using Eq. (14) [69]. Where
DI, o, and G are the damage index, the stress at each damage index and the stress reference, which

1s selected to be where DI = 0 or the UTS.
o=(1-Dlo (14)

Once the three specific criterions are met, the material’s stiffness degrades according to the specific
damage evolution rule of the criteria. Without the damage evolution rule, the material hardness

will not decrease.
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3.7. Signal processing

3.7.1. Convolution

The convolution is a mathematical concept with use in many applications, such as acoustics, signal
and image processing, engineering, physics, computer vision and even statistics. In signal and
image processing, the convolution function is one of the most important concepts but is commonly
confused with the mathematical concept of addition. In simple terms, in signal processing field,
the convolution takes two signals and construct a third one, while the addition only takes two
numbers to generates a third one. In other words, with the use of the convolution function, the
output of a system can be constructed by knowing the input signal and the impulse response of the

system, as shown in Figure 12.

Convolution function is stated in Eq. (15), where 4 is the output, f'the input and g the response of
the system. The ¢ value does not actually represent the time domain. In this case, the convolution
function is described as the area under the function f{?) weighted by a function g(-7) shifted by a
value of 7. This means that as ¢ value changes, the weighted function increase the sections of the

input signal.

f(t) h(t)

g(t) >

Figure 12. Convolution function

WO =(f*g)0) = | [()gt-7)d (19

A system’s output can be calculated for any input signal that is studied, if a system's impulse

response is known.
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3.7.2. Correlation

Correlation is another important mathematical function in the signal processing field. The
correlation function is commonly confused with the previously explained signal convolution
function. The correlation function contains a different physical definition, it can be either done
with itself (autocorrelation) or between two dissimilar signals (cross-correlation). Characteristic
applications of the correlation are in the signal processing and statistics fields. Signal processing

explores areas such as satellite, radar, wireless communications systems and sonar [70].

In the case of the signal autocorrelation, the function is used to measure the power of the signal by
distributing it along the signal. An example of this function is the signal correlators equipment,
which measure the signal power, uses signal correlation. The cross-correlation function can be
used in applications to graphically identify if an analyzed data contains hidden signals. This means
that if a signal is being disturbed by undesirable noise, an estimation of the noise can be performed
on the signal. Moreover, it can also be considered as a measure of resemblance between two signals
as function of the displacement of one relative to the other. Eq. (16) presents the mathematical

equation for the cross-correlation function.

(f ®2)e) = | f(D)g(t+T)dt (16

This concept can also be used as a statistical parameter, where an R value quantify the correlation
of two random signals or sequences. This concept is used as an advanced analysis technique This

technique is based on Eq.(17) , where two stationary random sequences, X, and Yy, are evaluated.

ny(m):E{XerYn*} (17)

Where n, Y,*, and E are values from minus infinite to infinite, complex conjugation and expected

value operator [71].
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4. State of the art

Over the last ten years, the aerospace industry has introduced stronger and lighter materials to their
structures. The introduction of these materials added to the use of bonded technology has directly
impacted on cost savings due to the reduction of weight. Although many advantages have been
proven using adhesive joints, an on-time monitoring of the joints is required in order to assess its
life cycle and to reduce the probability of structural failures by an early intervention on the

maintenance of the structure.

In 2018 Rucka et al. conducted an experimental investigation using GLWs to identify damage on
nine metal-to-metal SLJS with different debonding-like defects. Their experimental configuration
was based on a signal emitted by a piezoelectric PZT transducer and measure the wave with a laser
vibrometer. The results presented by Rucka et al. showed that the use of a weighted root mean
square values for damage imaging could successfully identify the presence of defects in the

adhesive, as well as interpret the geometry of the defect.

The use of TRM has been successfully studied on NwB applications for plate-like structures [52],
[72]-[75]. Jayakody et al. (2018) used a modified TRM process and a transverse velocity as a
measurement quantity in bonded joints. In their study, the experimental and computational results
showed that the obtained TRM signal is like the emitted signal in both time and frequency domains
for a disbond scenario on the bond line. The disbonds diameter on the joint were varied from 10
to 25 mm using a 150 kHz [76]. Du et al. [77] used a virtual time reversal (VTR) to monitor
experimentally the preload of bolted L-shaped lap joints using as a reference a reemitted signal
from a fully tightened condition. The results presented showed an improvement in the detection
sensitivity of bolt loosening compared to a TRM. Wang and Shen (2019) used a modified GLWs
VTR algorithm with the use of a compensation transfer function to eliminate the transducer
influence for dispersive HW signal in a thin plate-like structure [78]. The analytical solution
presented on their work shows a perfect reconstruction of the emitted signal for both GLWs modes.
This was validated by a finite element model and experimental works in order to verify the
proposed virtual time reversal algorithm [78]. Xu et al. [79] extracted the phase shift and the signal
amplitude of the wave packet as indices using modified TRM for bolt loosening on lap joints. The

modification of the TRM consist of the use of the same reemitted signal for all the studied cases.
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Xu et al. performed experimental and numerical methods to quantitative validate the bolt preload
on the lap joints. Their modified TRM presented better accuracy results than a standard TRM.
Gauthier et al. (2020) [80] studied debonding on metal-to-metal bonded joints using GLWs. Their
results evaluate and qualify the adhesion in the joint by using Lamb dispersion modes associated
to the Jones rheological model. The results were achieved with a frequency cut-off which is used
as an indicator of debonding of the joint [80]. Falcetelli et al. (2021) [81] applied a Frequencies
Compensation Transfer Function (FCTF) with virtual TRM for a successful reconstruction of
known BdB signals at their origin site and characterization of the unknown BdB signals, such as
the Pencil-Lead Break signals. Kannusamy et al. (2022) [82] proposed a virtual refined time-
reversal method for damage detection on an aluminum plate using broadband Gaussian excitation
and sensed with surface-bonded piezoelectric PZT transducers. Their results showed the accuracy
of the VRTRM for signal reconstruction and localizing block mass damage on the aluminum plate
[82]. Pineda Allen and Tai Ng [83] studied the debonding on adhesive joints by using the non-
linearity of Lamb waves. The presented method is because the appearance of combined harmonics
is an indication of material nonlinearity which is caused by defects on the joint. FE models and
experimental set-ups were used to validate the effectiveness of the debonding indication using a
combined frequency wave. The results only provided insights of the intended use of nonlinear

Lamb waves for detecting debonding on joints.

Up to date, regardless of the potential characteristics to detect damage using an AU-based SHM
system, there is no record of a complete system/methodology that could solve the SHM intended
questions. The previous literature review shows the successfully application of the use of GLWs
to identify defects such as debonding and the use of TRM mostly on thin plate-like structures or

bolted joints.

The state-of-the-art performed in this section, signals the lack of research in the application of the
Time Reversal Method for damage detection related to the initiation of crack and the development
of the crack on single lap shear bonded joints. By investigating this scenario, the thesis contributes
to reduce the research gap on the possibility of using time reversibility of Lamb waves to monitor

the integrity and determine when an adhesive in a single lap shear bonded joint starts failing.
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5. Methodology

In this chapter, the reader will be able to find a detailed description of the methodology used for
the implementation of the AU-based structural health monitoring system on a metal-to-metal
single lap shear bonded joint. The methodology, as shown in Figure 13, chapter describes the
propagation medium, the development and validation of the computational models, required for
the wave propagation and as for the introduction and development of damage on the adhesive. At
the end, the application of the TRM on after obtaining a wave propagation convergence on a

pristine and damaged condition of the SLSJ.

All the work presented in this chapter has been carried out at the HolSIP Laboratory at Clarkson
University and it is part of an ongoing research project of special interest to the Office of Naval

Research (ONR), which is an organization within the United States Department of the Navy.

4. TRM of GLWs to monitor and determine structural
integrity of a bonded SLSJ
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Figure 13. Methodology approach
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5.1. Experimental

5.1.1. Material characterization

The object of study is a metal-to-metal single lap shear bonded joint. The selected materials for
the SLSJ were an AA5083 and the adhesive ADV176/276 from Pro-Set® [1]. Both materials
properties, such as ultimate tensile stress, yield stress, elongation, Young’s modulus, shear
modulus and Poisson’s ratio, were obtained experimentally by a material characterization study
based on the standard from ASTM E8 [84] and ASTM D638 [85] for the AA5083 and adhesive
ADV176/276 from Pro-Set®, respectively. Figure 14a shows the electromechanical universal
TestResources® frame rated for 50,000 Newton force capacity that was used for the material

characterization studies and the Newton controller TestResources® on Figure 14b.

RESOURCES

(a)

Figure 14. TestResources® equipment
An Epsilon axial extensometer 3542 with a 2” gauge length shown on Figure 15a was used. A

temperature and voltage DAQ system (Compact DAQ) showed on Figure 15b used for data
acquisition of the images taken by two FLIR Grasshoper® 3 cameras 2.3 MP 163 FPS.
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Figure 15. Measurement equipment

FLIR Grasshoper® 3 cameras (Figure 16a) with a Fujinon CF25HA-1 lens adapted (Figure 16b)
were used in order to do Digital Image Correlation (DIC) to make quantitative measurements of
stress, strain and displacement on the studied specimens. The VIC-9 software was used for the

post-processing of the images taken by the FLIR Grasshoper® 3 cameras [86], [87].

Figure 16. High speed cameras

Figure 17 shows the experimental set-up of the extensometer attached to the specimen and
mounted on the electromechanical universal TestResources® test frame. The FLIR Grasshoper® 3

cameras with the Fujinon lens are also present on the set-up.
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Figure 17. Experimental set-up for material characterization

5.1.2.  Single lap shear joint

The manufacture of the SLSJ was following the ASTM standard D1002-10 (2019) [88]. The
standard provided the dimensions and manufacture recommendations to follow. Figure 18 shown
the SLSJ computational model. Both the lower and upper AA5083 coupon were 161.1 mm long
while, the adhesive bond line was set to 72.2 mm. These values give an overall length of 250 mm

of the SLSJ.

The dimensions were obtained by using Eq. (18) and (20) where AAL is the AA5083 coupon
length, ADHor the overlap length of the SLSJ, T is 50 percent of the estimated average shear
strength in adhesive bond, Fyy, the yield point of the adherend and t the thickness of aluminum. The

estimated average shear strength was taken from the Pro-Set® technical data sheet [1].
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AA5083 Lower coupon AA5083 Upper coupon

ADV176/276 Adhesive

Figure 18. SLSJ according to the ASTM D1002 standard [88]

AA, =889+ ADH ,, (18)
Ft -t
ADH,, =~ 9
5.1.3.  Dispersion curves

Both materials are isotropic which gives a homogeneous propagation of GLWs through the joint,
avoiding the complexities related to anisotropic behavior. Considering the waves speed and the
material properties of the propagation medium, the Rayleigh-Lamb equations, (6) and (7), can be
solved to plot the dispersion curves of the materials. These will allow to identify the range of
frequencies where the GLWs lower-order modes, Ao and So, are being propagated across the

bonded joint.

To obtain the dispersion curves it was necessary to calculate the longitudinal and transverse wave
speed of each material. The values for wave speeds of the P-and S-waves, Cr and Cr, for the

AAS5083 and ADV176/276 are calculated by using Eq. (1) and (2), respectively.
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Once the wave speed values were calculated, the dispersion curves were computationally obtained
using the Vallen AE-Suite software developed by Vallen Systeme GmbH, which is a company that
develop Acoustic-Emission (AE) test equipment. Figure 19a shows the chosen module on the
Vallen AE-Suite software to solve for the Rayleigh-Lamb equations and obtain the dispersion
curves of both materials [89]. Figure 19b the detailed inputs that are need for the calculation of the

dispersion curves.
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Figure 19. Vallen AE-Suite software window

5.1.4.  Emitted signal

A 5 cycle Hanning window was the selected signal to be emitted by the piezoelectric PZT
transducer. In this study, this signal was identified by a single central frequency peak of a 135 kHz
on the frequency spectrum after the application of the FFT. Figure 20a shows the chosen signal
on the time and 17b on the frequency domain. The chosen frequency for the emitted signal was
selected due to the results of the dispersion curves that allowed to identify the frequency range

below the fundamental Lamb modes.
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Figure 20. Hanning window

5.2. Computational model

The presented 3D models were developed using different computer-aided design (CAD) software,
such as ABAQUS CAE™, SolidWorks® and PTC Creo®. The numerical analysis was performed
in a Window 10 workstation with 2 Intel® Xeon® CPU E5-2630 v4 (20 cores and 40 logical)
running at 2.20 GHz.

The finite element single lap shear bonded joint model was developed in ABAQUS CAE™. The
AAS5083 coupons were bonded to the ADV176/276 adhesive using tie constrains. Figure 18 shows
the FE model of the SLSJ developed on ABAQUS CAE™,

The FE considered in this study were a linear-elastic, and a linear-elastic-plastic model. The first
one mentioned was employed for the wave propagation and damage detection models. The second
one was used for simulating the tensile test to failure of the SLSJ. This allowed the author to obtain

the initiation and evolution of damage on the bondline.

A Dynamic/Implicit solver in ABAQUS CAE™ was chosen to perform the wave propagation
numerical simulations because it allowed to model the physical piezoelectric elements. A
Dynamic/Explicit solver on ABAQUS CAE™ was chosen for the development of the damage

evolution model and the tension test simulation of the SLSJ.
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5.2.1. Wave propagation model
5.2.1.1. Piezoelectric transducer finite element model

The SHM field require implementation of small and lightweight sensors on the structures. Piezo
ceramics transducers, such as the PZT, satisfy the requirement and can carry out active ultrasonic

techniques converting electrical energy directly into mechanical motion and vice versa.

The use of piezoelectric PZT transducers as signal emission technique for GLWs has been
employed in this thesis work. Piezo Kinetics, Inc. transducers were -chosen for modelling the
computational signal emission and reception due to their availability at the HolSIP laboratory. The
overall dimensions of the piezoelectric PZT transducer were 0.253” diameter and 0.032” thick.
Figure 21a and Figure 21b shows respectively, the physical and the computational model of the
chosen piezoelectric PZT transducer. Their range of work frequencies goes from 120 kHz and

above.

Figure 21. Piezo Kinetics transducers

An analytical model, taken from Piefort [90], was followed to validate the FEM results of the
piezoelectric PZT transducer. Figure 22 present the stacked model of transducers. This model was
applied as an individual transducer in this study. Eq. (20) is an approximate relationship that
calculates the change of length on the piezoelectric transducer caused by an applied voltage. Where
A is the change of length, d; the piezoelectric constant, ¢ the applied voltage and »n the number of

stacked piezoelectric discs. This approximation is applied when no external load is present.
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Figure 22. Piezoelectric PZT transducer analytical model [90]

The material properties of a piezoelectric PZT-5A were taken from Martinez [91] and used as input
for the material model of the transducer on ABAQUS CAE™. Abaqus/Standard was employed
for the solution of the finite element model. The mechanical boundary conditions are represented
on Figure 23 as the yellow arrow, which means that the lower surface of the piezoelectric PZT
transducer is unable to move in the y-direction but moves freely on the x-and z-axis. Electrical
boundary conditions are represented as the green arrows. Vin was set as a voltage of 10V whereas

0V for Vout.

Vin

N

X

Lo ~

VOUt y= f|X

Figure 23. Piezoelectric PZT transducer boundary conditions
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5.2.1.2. Wave propagation convergence model

For a proper transmission of the Lamb waves a convergence model is needed. This is mainly a

concern about the spatial and temporal resolution in the computational solution.

The first criterion was to define a time step, At, for the simulation. This allowed the wave to be
properly captured at each time step. The accuracy of the simulation can be increased with a smaller
integration time steps, costing a higher computational time. Frequency components would not be
correctly solved if a long-time step was chosen. Eq. (21) shows a compromise of 20 points per
cycle of the frequency, giving an efficient solution within a reasonable time [92]. Where fmax is the

highest frequency in the simulation.

1
207 o

max

At =

The second criterion for the convergence model of the wave propagation was the characteristic
length of the elements placed on the computational model. The mesh element size of the
computational model must be set for a spatial efficient wave propagation. To achieve the spatial
convergence, the characteristic length of the elements was defined by Eq. (22), where 1. is the
characteristic element length, Amin the smallest wavelength presents on the simulation and # is the
number of nodes. Moser [92] recommended to use 10 to 20 nodes per wavelength. In this study, a

value of 10 nodes per wavelength is being consider.

| =Zfon (22)
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5.2.1.3. Stiffness reduction method

Wave reflections from the edges must be considered on the finite element method. These
reflections interfere with the emitted signal which results on a compromised received signal.
Therefore, it complicates the analysis of the received results on the second piezoelectric PZT
transducer. The simplest technique to avoid boundary reflections is to have a considerable increase
in the geometry to set a longer time of wave reflection or to avoid them if it is largely increased.
Furthermore, if an expansion of the area of interest is implemented, the number of elements will
inevitable increase which results on a rise of computational time. The use of an absorbing layer
method technique, called the stiffness reduction method (SRM) was implemented in this work to

avoid the reflections created by the boundaries.

For the development of the SRM, the first step was to create controlled expansion of the area of
interest. This expansion or SRM thickness was defined as 1.5Ainc, Where Ainc is the incident wave
in the system and divided into the element mesh size, calculated on Eq. (22). Where Cwm is defined
as the mass proportional damping and variates according to Eq. (23) [56]. The next step was to
assign Cmmax, Which is equal to the angular frequency, w, of the incident wave and where x is the
corresponding layer (from 0 on the first layer to the Cmmax value positioned on the last layer of the
SRM thickness, x = n). P is a polynomial order for B(0) = 0 and B(n) = 1. For this study, a value
of 3 for p was suggested [56].

C,x)=C, Bx) (23)

For this study, a value of 57 was obtained as the number of layers within the SRM thickness. In
the case of Lamb waves, the generation of the Soand A gives a different wavelength on the system.

A conservative approach was considered by using the larger wavelength calculated.

Cwm value grows exponentially from layer 0 to 57 as shown in Figure 24 to absorb more energy at

the boundaries. MATLAB® codes were developed to calculate the mass proportional damping.
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Figure 24. SRM mass proportional damping
The variation of the second value needed for the development of the SRM, which is the Young’s
Modulus, was calculated as expressed in Eq. (24) [56]. Where E is the calculated Young’s

Modulus, Eo is the original value of the material Young’s Modulus, kinc the incident wave number

and o the attenuation factor to avoid impedance mismatches between adjacent layers.

E(x)= Eoe_a(x)K"”cx (24)

The attenuation factor, a, was calculated by Eq. (25) [56]. The maximum attenuation factor, Oimax,
was defined by a ratio of E/Eo=0.01. Thus, at the last layer of the SRM thickness the value of the
Young’s Modulus will be 1% of the original E.

a(x) = 01, X (x)" (23)

Young’s Modulus values for both materials on each layer, AA5S083 and ADV176/276, are shown
in Figure 25.
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Figure 25. SRM Young’s Modulus

As shown in Figure 26, the considerations to ensure a good propagation of the wave were then

applied to generate the SLSJ model.

Figure 26. SLSJ model for damage detection
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5.2.2.  Elastic-plastic structural model
5.2.2.1. Mesh convergence study

Same as the wave propagation model, the elastic-plastic structural model on the SLSJ must achieve
a spatial convergence which will determine the ordered discretization error in the simulation. To
achieve this spatial convergence, a mesh convergence study was implemented. This refers to the
smallest element required in a model to ensure that the results of an analysis are not affected by

the element size.

The methodology to establish a mesh convergence was with the use of a stress-strain curve. This
curve presented the initiation of damage on the adhesive with respect to the element size. The
stress-strain curve was taken from a path line along the middle of the adhesive. Figure 27 shows a
red-dotted line in the center of the adhesive. The implementation of this path line made possible

to retrieve the stress-strain curve of the adhesive when a tension load was applied.

Figure 27. Path line in the middle of the adhesive (400 um mesh size)

To reduce computational costs on the study, a spatial convergence method called the Richardson

extrapolation was implemented.

The Richardson extrapolation is a numerical analysis technique where an estimation of error in the

solution is being calculated. The Richardson extrapolation requires at least three different element
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mesh size models for a mesh convergence study. The estimation of error provides a statistical
result for a case value where the element mesh size would go down to zero from a series of lower-

order discrete values [93].

Usually, the Richardson extrapolation has been employed using a mesh refinement ratio of r = 2.
In this study, use of the Richardson extrapolation provided the estimation of error on stresses
values for 800, 400 and 200 pm mesh sizes. This information was used to select an adequate mesh
size for the SLSJ FE model considering the computational time needed for each simulation and

which percentage of error from a full convergence was obtained.
5.2.2.2. Damage criterion

A damage evolution model was necessary for the finite element model to simulate the initiation
and evolution of damage on the adhesive when it is subjected to a shear load. In this study, a
dynamic failure behavior on the adhesive ADV176/276 was performed. The numerical simulation

of the dynamic failure was complete on ABAQUS CAE™ using a Dynamic/Explicit solver.

For the solver to replicate the initiation and evolution of damage in the bondline, it was needed to
introduce a ductile damage criterion for both materials models. The ductile damage suits the
AAS5083 perfectly because it is a metal, but in the case of the ADV176/276, which is a polymer,
the concept of it does not match. Due to date, ABAQUS CAE™ does not count with an available
damage criterion for polymers. Therefore, the damaged behavior of the ADV176/276 had to be
introduced as a ductile damage for this study. The parameters of the damage evolution models
were calibrated by using a reverse engineering approach where the experimental results from the
material characterization were used as parameters for the finite element model. This approach was
selected to achieve a material behavior on the computational model similar as in the material

behavior from the performed experimental tensile tests in the material characterization section.

An element size model, as shown in Figure 28, was executed to ensure that the material model
introduced into ABAQUS CAE™ was correctly implemented. The introduction of this element
size model intends to successfully validate the material model without accounting for structural
effects. The dimensions of the single element are 1 mm x 1 mm x 1 mm. Mechanical boundary

conditions were applied on the bottom and side faces of the single element as shown in Figure 28,
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allowing the single element to elongate in y-axis and restrict the movement as if it was fixed on
the bottom and to one side of the element. A velocity of 3.3 x 10~ m/s was defined as a boundary

condition on the top of the single element.

Figure 28. Element size model

In this case, the single element was elongated by the tension force applied. This elongation would
cause a reduction of the cross-sectional area of the element leading to a material failure. The
required inputs for the ductile damage on ABAQUS CAE™ are the fracture strain, stress
triaxiality, a strain rate and the damage evolution criterion, which consist of stress values at

different damage indexes (DI).

Taking Figure 11 as reference, the fracture strain value or equivalent plastic strain was obtained
by the modulus of elasticity slope when intersected with the ultimate tensile stress (UTS) or yield
stress at the initiation of damage. In the case of the stress triaxiality, a value of -0.33 was
considered. This value was obtained by the pressure component of the stress tensor and the von
Mises equivalent stress of the material. A value of 0 was used for the strain rate. MATLAB scripts
were developed to obtain the true stress-strain curve for the materials. Also, the fracture strain
value and the damage evolution criteria values (DI and stress values at DI) according to Eq. (14)

were obtained using MATLAB scripts.
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Once the ductile damage criterion was validated for the use on the material model, it was
introduced to the SLSJ. Figure 29 shows a computational replica of the experimental SLSJ for the
elastic-plastic structural model. A “Load Tab” and “Extensometer Tab” were added into the model
shown in Figure 29 following the ASTM D1002 standard [88]. The extensometer tab was
employed to fit the extensometer shown in Figure 15a. The material model used on the Load and
Extensometer Tab was an elastic-model of AAS5083. Mechanical boundary conditions were
implemented as shown in the ends of Figure 29. The green surface is where the SLSJ has a fixed
boundary condition, the red surface has a boundary condition restricting the movement on the y-
and z-axis. Moreover, a velocity of 1.3 mm/min is applied on the red surface to simulate the applied

displacement done by the universal test machine.

AA5083
Load Tab

AA5083
ADV176/276

< ‘:

Y Extensometer Tab

z X

Figure 29. SLSJ damage evolution model
5.2.3. Damage detection model

This section contains the explanation of the TRM applied to different SLSJ models to monitor and

detect when the structural integrity of the SLSJ bondline it is starting to being compromised.

Figure 30 shows the TRM, which is the proposed methodology for the damage detection process
and eventually solve the scientific question. Where (a) is the input signal applied to a piezoelectric

transducer at X, which in this case it is the 5 cycle HW of 135 kHz, (b) is the response of the HW
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captured at Y, (c) represents the re-transmitted HW after time reversed from Y to X and (d) is the
reconstructed HW at X. As part of the post-processing, the input signal and the reconstructed signal
at the transducer X were subjected to a convolution process. The result of the convolution process
was a maximum value of energy that allowed to identify the section in time where the received
signal at the transducer X was most like the initial emitted signal. A visual cross-correlation and
an R-value were obtained for the comparison of the two signals. This allowed to quantify the
similarity of them. A high R-value was interpreted as no damage on the adhesive, while a damage

present on the bondline was identified with a lower R-value.

Piezoelectric b) Response c) Re-transmitted
transducer Signal Signal

Adherend
AA5083

=) Time =)
Reversed

a) Input
Signal

Compared

- Adhesive

Proset® ADV176/276

Piezoelectric
transducer Adherent
AA5083

Figure 30. Time Reversal Method on SLSJ model

First, the damage detection model was applied to a healthy SLSJ to assess the structural integrity.
Second, a damage on the adhesive ADV176/276 was manually introduced in the SLSJ model. The
dimensions of the introduced damaged on the adhesive of the SLSJ are shown in Figure 31. A

simple circle on the geometry is commonly used to represent damages on structures.
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Figure 31. Dimension of introduced damage

Next, the elastic-plastic-structural model with the damage evolution was introduced. Specific
moments in time, such as before and after the initiation of damage and before failure, were
retrieved from the simulation of the tension test on the SLSJ. This means that the geometry of the
SLSJ on those specific moments in time were taken and used as input on the damage detection

model. The use of the TRM was implemented for monitoring the structural integrity of the SLSJ.
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6. Results

This section summarizes the results obtained from the methodology described on Section 5. The

section is divided into the following:

- Experimental

- Computational model

Experimental section includes the results of the material characterization, single lap shear joint,

dispersion curves and the emitted signal used in this study.

The computational model section encompasses the results of the wave propagation model, elastic-

plastic structural model, and the damage detection model.
6.1. Experimental

6.1.1. Material Characterization

Figure 32 and Figure 33 present the engineering stress-strain curve obtained by the experimental
tests carried out on an electromechanical universal TestResources® test frame of 50,000 Newton
force capacity. The engineering curve is converted into the true stress-strain curve and the UTS

value was identified.

Figure 32 also shows the material properties obtained experimentally from the 10 specimens of
AAS5083 under the specifications from the ASTM ES8 [84]. The material properties of the adhesive
Proset® ADV176/276 obtained experimentally under the specifications of the ASTM D638 [85]

are shown in Figure 33
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Figure 33. ADV176/276 Material Properties
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6.1.2.

Table 2 shows the values needed for the design of SLSJ using the Eq. (18) and Eq. (19).

Single lap shear joint

Table 2. Material properties

Property AAS5083 ADV 176/276
Ft, 226 MPa —
t 3.175 mm 3 mm
T — 10 MPa
E 74.06 GPa 2.02 GPa
p 2700 kg/m 1050 kg/m
v 0.31 0.4

6.1.3. Dispersion curves

To obtain the dispersion curves was necessary to calculate the longitudinal and transverse wave

speed of each material. The obtained values of the Cr and Cr, for each material are shown below

in Table 3.

Table 3. Longitudinal and transversal wave speed

AA5083 ADV176/276
C, =6166m/s C, =2030m/s
Cr =3235m/s Cr =828 m/s

To retrieve the dispersion curves from the Vallen AE-Suite Software it was needed to add as an
input the material thickness from Table 2 and the Cr and Ct speeds from Table 3. This had as a

result a frequency dependent graph for that specific thickness. Figure 34 shows the group velocity

C; for each material.
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Figure 34. Dispersion curves

6.1.4. Emitted signal

Looking at the group velocities of both materials on Figure 34, it can be observed that the higher
modes start appearing in a lower frequency on the ADV 176/276. This means that only frequencies
between 0.05 and 0.14 MHz are free from high order modes. Subsequently, a frequency of 135

kHz was chosen for the 5 cycle Hanning window to avoid the creation of higher Lamb wave modes.
6.2. Computational model

6.2.1. Wave propagation model
6.2.1.1. Piezoelectric PZT transducer

Figure 35 shows the plotted contour of the displacement on the y-axis of the finite element model
of the piezoelectric PZT transducer which was introduced on section 5.2.1. Table 4 contains a

comparison of both methods to validate the computational model.

Table 4. PZT analytical and computational model comparison

Displacement due to a 10V

Analytical FEM Percentage Difference

3.78x 10 m 3.739 x 10 m 1.01
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Figure 35. PZT transducer finite element model

6.2.1.2. Wave propagation convergence model

To achieve the temporal and spatial resolution on the wave propagation model, Eq. (21) and (22)
were solved. For the temporal resolution Eq. (21) was considered. In this case, fn« Was the
frequency of the 5 cycle HW, 135 kHz. The result of the increment size obtained for the wave
propagation model was equal to 0.37 microseconds. In the case of the spatial resolution, Eq. (22)
was considered. The minimum wavelength, Au.x, present on the simulation was taken from the
values of the dispersion curves on Figure 34. In this case, the adhesive presents the slowest wave
speed at 135 kHz which is the anti-symmetric Ao with a wavelength of 6.32 x 10~ m. Using Eq.
(22) and considering 10 nodes per wavelength, the obtained value for the spatial resolution was
around 600 microns for a characteristic element size or size for the mesh element. Table 5 presents

the results from the temporal and spatial resolution used for the wave propagation model.

Table 5. Mesh convergence study

Temporal Spatial

0.37us 620 um
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6.2.1.3. Stiffness reduction method

The performance of the developed SRM was compared on a single coupon model with and without

SRM, as shown in Figure 36, to validate the efficiency of the chosen technique.

Figure 36. Simple coupon model and SRM coupon model

Figure 37 shows the results of the validation of the performance of the SRM on the mentioned

scenario. Boundary reflections are being absorbed by the added layers.
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Figure 37. SRM Performance
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This method was implemented after on the SLSJ where it was computational justified as having a
larger coupon on the study, but without an excessive area to avoid the reflections. Time of
simulation was reduced with the usage of this method while increasing the accuracy of the obtained

results.
6.2.2.  Elastic-plastic structural model

6.2.2.1. Mesh convergence

Figure 38 shows three stress-strain curves taken from the path line along the middle of the adhesive
showed on Figure 27 for an element mesh size of 800, 400 and 200 um. The result shows the

difference stress values at the same location of the adhesive and graphed for a coarse, medium and

fine mesh.
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Figure 38. Shear stress-strain curve on the bond line

The results of the mesh convergence study on Figure 39a shows the stresses values and the
computational solving time plotted against the element mesh size for each of the cases. The
Richardson extrapolation methodology was used to select a proper mesh size avoiding excessive

computational time.
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To select the correct element mesh size, a percentage of error from Figure 39a was calculated.
Figure 39b shows the percentage of error from each simulation compared to the value obtained

from the Richardson extrapolation methodology, where the percentage of error would be equal to
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Figure 39. Mesh convergence study

The chosen element mesh size for the finite element model was 400 um. This was due to the low
percentage of error obtained with a mesh of 400 pm compared to extrapolated value of zero pm
mesh size of the Richardson extrapolation. Besides the percentage of error, the computational time

is considerably lower than the one obtained for 200 pm.

6.2.2.2. Damage criteria

The development of the computational ductile damage criterion was made based on the stress-
strain curves obtained from the experimental material characterization showed Figure 32 and

Figure 33, for AA5083 and ADV176/276, respectively.
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Figure 40 and Figure 41 shown the results of the MATLAB® script developed to obtain the input
values for the ductile damage and damage evolution of the AA5083 and ADV176/276 required on

ABAQUS CAE™,
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Figure 40. Damage evolution for AA5083
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Figure 41. Stress-strain curve for ductile damage ADV176/276



As shown on the legend of the figures, the damage index (DI) is represented as bullets positioned

on the true stress-strain curve, while the strain was shown at the bottom end of each plotted slope.

Table 6 presents a summary of the input values for the ductile damage for each material.

Table 6. Ductile damage

AAS083 ADV176/276
Fracture Strain 0.134476 0.0146443
Stress Triaxiality -0.33 -0.33
Strain rate 0 0

For the damage evolution, ABAQUS CAE™ requires a displacement value at each DI.

Displacement values are calculated considering the strain at each DI times the characteristic length,

meaning the size of the used element. This process was employed in both materials [69]. Table 7

and Table 8 shown the input values obtained from the MATLAB® script

Table 7. AA5083 damage evolution

DI Displacement

0 0
3.242E-04 3.536E-06
1.028E-03 6.488E-06
2.034E-03 9.182E-06
2.538E-03 1.026E-05
7.275E-03 1.722E-05
1.376E-02 2.335E-05

1 3.171E-05
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Table 8. ADV176/276 damage evolution

DI Displacement

0 0
1.670E-04 3.694E-06
6.950E-04 7.828E-06
1.416E-03 1.204E-05
2.231E-03 1.628E-05
3.089E-03 2.054E-05
3.967E-03 2.480E-05
4.957E-03 2.957E-05
6.394E-03 3.649E-05
8.935E-03 4.879E-05
1.562E-02 8.176E-05

1 1

The calculated parameters on Table 7 and Table 8 were then introduced into the single element
model shown in Figure 28. The deformation of the single element can be seen in Figure 42 for
both cases, where (a) AA5083 and (b) ADV176/276. The single element reaches the maximum
material deformation before being deleted. With this, ABAQUS CAE™ intended to mimic the
failure of the material. The result matches the expected behavior since it was only one element,

therefore no necking should be present in the simulation.
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Figure 42. Displacement of the single element size model

The stress-strain curves were taken from the results of the single finite element model and then
validated with the experimental data for each material. The obtained results and comparison are

showed on Figure 43 for the AA5083 and Figure 44 for the ADV176/276.
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Figure 43. Ductile damage behavior on AA5083
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Figure 44. Ductile damage behavior on ADVI176/276

6.2.3. Damage detection model

In this section, the results of the TRM applied to the SLSJ on a pristine condition and induced
damage scenario are presented. Also, the results of the TRM used on the before and after damage

initiation and before failure are presented.

The first set of results presented are on the pristine SLSJ, where a no-damaged condition was

present on the adhesive nor the adherends are shown in Figure 45.

Figure 45a shows the emitted 5 cycle HW signal at the piezoelectric PZT transducer X, (b) the
response signal of the structure received on piezoelectric PZT transducer Y, (c) the time reverse
of (b) which was re-emitted to transducer X. Figure 45d presents the received signal at transducer

X.
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Figure 45. TRM on pristine condition

The received signal on Figure 45d was post-processed using the convolution function of signals.
This means the generation of a third signal that provide a moment in time where the convolution
of the two signals reached a maximum energy value. The post-processing of the signal using the

convolution function is shown in  Figure 46.

On  Figure 46, (a) and (b) represent the initial 5 cycle HW emitted and the received signal at X
transducer. These signals were subjected to a convolution process, whereas stated in Eq.(15), one
signal was time reversed and convoluted at every step time with the other one. This process is
showed on (c) where the received signal was time reversed and convolute with (a). In this study,
the highest peak of (a) was taken as the section of reference to be convoluted with the TR of (b).
This peak happens at 17.39 ps. A window of 7.7 us was selected as reference, where the highest
peak was at 4.7 ps. On the convolution process in (c), the highest peak was shown as a static signal

while the TR of (b) moved along the time and convolute to create a new signal.
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Figure 46. Pristine condition convolution process

The result of the convolution process shown in Figure 47, allowed to identify the amount of energy
produced from the convolution. In other words, the highest peak or highest amount of energy
translates to where in time the received signal at the transducer X was like the reference peak of

the initial emitted signal.
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Figure 47. Pristine convoluted signal

At 459.54 microsecond was recorded to be the highest amount of energy on the convoluted signal.

Figure 48a indicates the time and section of the convoluted signal that contains the highest amount
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of energy. Figure 48b shows a time reversed of the convoluted signal. This indicates the position

in time of the highest amount of energy of the received signal on Figure 45d.
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Figure 48. Maximum energy peak pristine condition

After identifying the time of maximum energy on the time reversed signal, a window of time was
selected to compare with the original signal. The window selected has a 38.48 pus length, which is
the length of the original signal. For the selection of this period on the time reversed signal, the
highest peak was taken as reference. The window selected to obtain a reconstructed signal on the
time reversed signal was 17.39 us before and 21.09 us after the highest peak to obtain the 38.48

us window.

A cross-correlation function was employed as a statistical parameter to obtain an R? value, which
quantified the correlation of the two signals. Figure 49 shows the comparison between the original
emitted and the reconstruction of signal. The similarity of the signals was easily detected by visual
methods and the obtained R-value of 97.52% re-affirm as a statistical method the similarity

between the two signals on a pristine condition SLSJ.
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Figure 49. Original and reconstructed signal comparison — pristine condition
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Figure 50 presents the result of the TRM on the introduced damaged condition showed on Figure

31. Where in Figure 50, (a) shows the emitted 5 cycle HW signal at the piezoelectric PZT

transducer X, (b) the response signal of the structure received on piezoelectric PZT transducer Y.

At this point, the process was the same as the one shown on Figure 45, this means that the first

steps of the process are done in a healthy condition of the SLSJ. Then (c) is the time reversed

signal of (b) which was re-emitted to transducer X. For this step, the damage was introduced on

the adhesive of the SLSJ. Figure 50d shows the received signal at transducer X for an introduced

damage scenario on the adhesive.
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Figure 50. TRM on introduced damage condition
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The received signal, on Figure 50d, was post-processed using the convolution function of signals

and shown in Figure 51.
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Figure 51. Introduced damage condition convolution process

Figure 52 shows the result of the convolution process for the introduced damage condition.
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Figure 52. Introduced damage condition convolution signal

At 452.88 microsecond was recorded to be the highest amount of energy on the convoluted signal.

Figure 53a indicates the time and section of the convoluted signal that contains the highest amount
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of energy. Figure 53b shows a time reversal of the convoluted signal. This indicates the position

in time of the highest amount of energy of the received signal on Figure 50d.
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Figure 53. Maximum energy peak introduced damage condition

The window for comparison was selected from the time of the maximum energy on the time
reversed signal. Same considerations as the pristine condition were taken for the introduced
damage case. The cross-correlation function was employed as a statistical parameter to obtain an
R? value of the similarity of the signals. Figure 54 shows the comparison between the original
emitted and the reconstructed signal. The similarity of the signals was easily detected by visual
inspection and the obtained R?-value of 90.92 % re-affirm as a statistical method the similarity of

the two signals on an embedded damage condition on a SLSJ.

The accuracy of the methodology used for the damage detection was validated with the pristine
and introduced damaged condition models. The presence of damage using the time reversal

method can be appreciated and verified through statistical means.
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Figure 54. Original and reconstructed signal comparison — introduced damage condition

The results of the damage criteria section were introduced on the SLSJ model to recreate a realistic
initiation and development of damage on the adhesive when the SLSJ was subjected to a tensile
test as specified in the ASTM D1002. Figure 55 shows the SLSJ model used for the next iterations
of damage nucleation on the SLSJ. This model does not contain SRM on the adhesive part since
elements were removed from the SRM by the ductile damage, and it did not fulfill the purpose of

signal dissipation.

0 0 0 e T g g

Figure 55. Ductile damage on SLSJ model

Three different iterations were proposed for the study for damage detection using a damage

propagation model on the SLSJ. The first iteration was set prior to a damage condition, shown in
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Figure 56, where the adhesive was at a moment in time right before the nucleation of a crack. The

adhesive was still in a pristine condition, but the propagation media was deformed.
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Figure 56. Prior to damage nucleation

Figure 57 presents the result of the TRM on the before damage condition of the SLSJ shown on
Figure 56. Where in Figure 57, (a) shows the emitted 5 cycle HW signal at the piezoelectric PZT
transducer X, (b) the response signal of the structure received on piezoelectric PZT transducer Y.
At this point of the process, it is the same as the one shown on Figure 45, this means that the first
steps of the process were done on a healthy condition of the SLSJ. Then (c) is the time reversal of
(b) which was re-emitted to transducer X. In this step, the wave propagates through the SLSJ as
shown in Figure 56. The SLSJ was at a deformed condition where the adhesive was with no

damage. Figure 57d presents the received signal at transducer X a moment before the damage

nucleated.
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Figure 57. TRM on before damage condition
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The received signal, on Figure 57d, was post-processed using the convolution function of signals
and shown in Figure 58.
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Figure 58. Before damage condition convolution process

Figure 59 shows the result of the signal convolution process for the before damage condition.
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Figure 59. Before damage condition convolution signal

At 482.48 us was recorded to be the highest amount of energy on the convoluted signal of the

before damage condition on the adhesive. Figure 60a indicates the time and section of the
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convoluted signal that contains the highest amount of energy. Figure 60b shows a time reversed
of the convoluted signal. This indicates the position in time of the highest amount of energy of the

received signal on Figure 57d.
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Figure 60. Maximum energy on a before damage condition

As stated in the previous analysis made, the window for comparison was selected from the time of
the maximum energy on the time reversed signal. Figure 61 shows the comparison between the
original emitted and the reconstruction of signal. The non-similarity of the signals was easily
detected by visual inspection and the R?-value of 70.66 % was obtained. Even though there was
no damage present, a lower value compared to the previous analysis was expected due to the

missing SRM on the adhesive in this model.
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Figure 61. Original and reconstructed signal comparison — before damage condition

The second iteration case was set a moment right after the adhesive shows the nucleation of the
crack. Figure 62 shows the moment in time taken for this iteration and it can be appreciated how
the elements are being removed from the adhesive. Figure 38 proves the highest stresses presented
on the adhesive where at the edges according to the element deletion function of the damage

evolution material model.

STATUS

Figure 62. After damage condition
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Figure 63 presents the result of the TRM on the after-damage condition of the SLSJ showed on
Figure 62. Where in Figure 63, (a) shows the emitted 5 cycle HW signal at the piezoelectric PZT
transducer X, (b) the response signal of the structure received on piezoelectric PZT transducer Y.
At this point, the process was the same as the one shown on Figure 45, this means that the step a)
and b) were taken from a healthy condition of the SLSJ. Then (c) is the time reversal of (b) which
was re-emitted to transducer X. In this step, the damage nucleation was visible due to the removal
of elements on the adhesive of the SLSJ. Figure 63d presents the received signal at transducer X

when the adhesive presents damage initiation.
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Figure 63. TRM on after damage condition

The received signal, on Figure 63d, was post-processed using the convolution function of signals

and shown in Figure 64.
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Figure 64. After damage condition convolution process

The result of the convolution process for the after-damage condition is shown in Figure 65.

Amplitude[-]
o

AR
--------

—Convoluted Signall

0

100 200 300

400
Time[us]

500

600 700 800

Figure 65. After damage condition convolution signal

At 459.54 us was recorded to be the highest amount of energy on the convoluted signal of the

after-damage condition on the adhesive. Figure 66a indicates the time and section of the

convoluted signal that contains the highest amount of energy. Figure 66b shows a time reversed
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of the convoluted signal. This indicates the position in time of the highest amount of energy of the

received signal on Figure 63d.
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As stated in the previous analysis made, the window for comparison was selected from the time of

the maximum energy on the time reversed signal. The comparison between the original emitted

and the reconstruction of signal of the after-damage condition is shown in Figure 67. An R2-value

of 81.95 % was obtained.
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Figure 67. Original and reconstructed signal comparison — after-damage condition.
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Figure 68 shows the last case where the adhesive was at a moment before complete failure of the

SLSJ. The adhesive does not contain most of the elements which indicate the propagation of the

fracture from the edges to the middle of the adhesive.

Figure 68. Before failure condition

Figure 69 presents the result of the TRM on the before failure condition of the SLSJ shown on

Figure 68. Where in Figure 69, (a) shows the emitted 5 cycle HW signal at the piezoelectric PZT

transducer X, (b) the response signal of the structure received on piezoelectric PZT transducer Y.

At this point of the process, it is the same as the one showed on previous analysis, this means that

the first steps of the process were done in a healthy condition of the SLSJ. Then (c) is the time

reverse of (b) which was re-emitted to transducer X. Figure 69d presents the received signal at

transducer X when the adhesive of the SLSJ was at a moment in time before failure.
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Figure 69. TRM on before failure condition
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The received signal, on Figure 69d, was post-processed using the convolution function of signals.

The post-processing of the signal using the convolution function is shown in Figure 70.
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Figure 70. Before failure condition convolution process

Figure 71 shows the result of the signal convolution process for the after-damage condition.
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Figure 71. Before failure condition convolution signal

At 459.54 us was recorded to be the highest amount of energy on the convoluted signal of the
before failure condition on the adhesive. Figure 72a indicates the time and section of the

convoluted signal that contains the highest amount of energy. Figure 72b shows a time reversed
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of the convoluted signal. This indicates the position in time of the highest amount of energy of the

received signal on Figure 59d.

Received Signal
L]

L] L} L] L] L L}
= 1 Time Max Energy: 459.54 us -
g
=0
o
=
< -1
a) L 1 L L L 1L 1L
0 100 200 300 400 500 600 700 800
Time Reversed Signal
L] L] L} ] L ] ]
= 1 Time Max Energy: 340.77 us -
S
=
£
€
<
b) L L L L L L L
0 100 200 300 400 500 600 700 800
Time[us]

Figure 72. Maximum energy peak before failure condition

As stated in previous analysis, the window for comparison was selected from the time of the
maximum energy on the time reversed signal. Figure 73 shows the comparison between the
original emitted and the reconstruction of signal of the before failure condition. An R?-value of

85.13 % was obtained.
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Figure 73. Original and reconstructed signal comparison — before failure condition.
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7. Discussion and Conclusion

In this study, an innovative computational TRM has been used for the damage detection on an
aluminum-to-aluminum single lap shear bonded joint. The input signal consisted of a 5-cycle
Hanning window developed on Matlab™. This method successfully demonstrated and proves with
good cross-correlation coefficient the identification of bonded joints when a pristine condition
(97%) is being analyzed and compared to when it contains an introduced damage (90%). This
introduced damage is modelled as a circle on the adhesive of the joint, this method of modelling

being the common one when introducing a damage of FEA model.

The results obtained of the material characterization, from both the aluminum and the ADV
176/276, allowed to successfully approximate the stress-strain curve of the material to simulate
the plastic and failure behavior on the FEA at an element size level. This approximation confirmed
that the introduced material information used on the single lap shear bonded joint will behave as
in a real tensile test going from linear to plastic behavior until failure. The development of this
material model allowed an effective simulation of damage initiation and damage development
across the bondline of the joint. This introduced an innovative method to simulate damage in order

to detect real-like damage types on structures.

The damage detection process on the single lap shear bonded joint using the innovative method to
approximate damage initiation and development on the bondline shown discrepancies across the
results. The discrepancy of the results goes from 70% when the SLSJ was at a pristine condition
before damage compared to 80% after nucleation of damage and 85% prior failure of the bondline.
It is belief that this discrepancy on the results come from an error on the meshing process. More
studies and simulations are needed to confirm or reject the viability of this damage detection

method.

Although the limitations of the damage size detection, which is a result the frequency of GLWs
employed in order to avoid the development of higher Lamb modes and the introduction of a non-
linear analysis on the single lap shear bonded joints, the overall result of this study confirms that
the TRM can be employed as a damage detection method on single lap shear joints when a damage

is artificially induced. The development of a ductile damage evolution model successfully
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simulates the theoretical behavior of the nucleation of the crack in the SLJS. Further work is
needed if a damage detection model using the TRM with the introduction of a real-like damage is
intended. Experimental validation of the TRM on SLIJS is set to be as future work for the

computational results provided in this study.
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