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Abstract

Active fiber composites (AFCs) consist of one layer of piezoelectric ceramic fibers
which are embedded in an epoxy matrix and sandwiched between two sets of in-
terdigitated electrodes (IDE). The thin planar size and the conformability to even
biaxially curved surfaces make AFCs suitable as transducer elements for structural
health monitoring (SHM) applications with non-destructive testing methods (NDT)
based on wave propagation. In the present work the transfer behavior of AFCs
as emitter and receiver of transient elastic waves in isotropic plate-like structures
is characterized. This is essential for conception and optimization of the AFC for
specific applications. Further, the suitability of AFCs for damage detection in a
model structure with two different NDT methods is demonstrated experimentally.
Damage detection constitutes the first step of the damage identification process for
a SHM system with AFCs.

For the characterization of the AFC, transfer functions defined as the ratio be-
tween the output and the input of a linear system in the frequency domain are
numerically and experimentally determined for both the emitter and receiver sep-
arately. The system to be considered is an aluminum plate with a surface bonded
AFC. If the AFC is used as emitter, the input corresponds to the electric voltage
signal used for excitation and the output is the resulting surface velocity at spe-
cific points around the emitter. If it is used as receiver, the surface velocity of the
incident wave from different directions and the resulting electric voltage at the elec-
trodes of the AFC correspond to the input and output signals, respectively. Due to
the anisotropic material behavior of the AFC caused by the unidirectionally aligned
fibers and the IDE, the transfer functions differ depending on the direction of the
excited or incident wave relative to the fiber direction of the AFC.

To investigate the dynamic behavior, the system consisting of the plate and
the surface mounted AFC is modelled numerically according to the finite-difference
time domain method. A two-dimensional (2D) plane strain model simulates the
wave propagation in a cross section through the AFC and the plate at the plane
of symmetry in fiber direction of the AFC. The model takes the electro-mechanical
coupling of the piezoelectric material into account which allows for simulating the
emitter and receiver behavior of the AFC. A three-dimensional (3D) model then
considers only the plate itself but allows for investigating the wave propagation in
any direction. The waves are excited at the surface of the plate by applying the
same mechanical stresses as obtained between the AFC and the plate within the
2D model. Hence, the fully 3D wave field excited by a surface bonded AFC can be



simulated. The 3D model is used only for the investigation of the AFC as emitter.

In order to validate the results of the simulations, experiments are performed.
The wave field at the surface of the plate excited or measured with the AFC is
observed free of contact by using a heterodyne laser interferometer. AFCs with
different lengths are applied. For both, the simulation and the experiment, trans-
fer functions are determined for the two fundamental Lamb wave modes separately.
The numerical calculations qualitatively and quantitatively agree well with the mea-
surements.

The investigation shows that the transfer behavior of the AFC is highly frequency
and directionally dependent. There are minima and maxima in the transfer functions
depending on the relation between the length of the AFC and the length of the wave
propagating in the plate. The latter is defined by the frequency as well as the wave
propagation characteristic of the structure. The emitting and receiving capabilities
are strongest in the fiber direction of the AFC. The reason for this is on the one
hand the relation between the AFC’s width and the wavelength. The wider the AFC
compared to the wavelength, the more pronounced the directionality. On the other
hand, the anisotropic material behavior of the AFC enhances this effect, and it is
further responsible for the excitation of not only the two fundamental Lamb wave
modes but also of shear horizontal waves.

The experiments for the damage detection are performed on an aluminum-
hardfoam sandwich plate. First, the wave propagation in the sandwich plate and the
influence of delaminations between face sheet and core on the waves are investigated.
Further, a method is developed which allows for producing artificial and reversible
delaminations and hence for switching between the undamaged and damaged states
with reproducible results. This is necessary in order to investigate the performance
of the transducer elements without having the influence of uncontrolable and non
reproducible damages. For these experiments piezoelectric ceramic transducers are
applied instead of AFCs.

The final experiment is then carried out with AFCs which are shortened to a
specific length in order to optimize their transfer behavior. The two approaches
for the delamination detection are the guided wave based method and the electro-
mechanical impedance method. While the former method uses short wave pulses,
the latter is based on harmonic vibrations. For both methods, the same AFCs are
used as transducer elements but in different frequency ranges. Compared to the
undamaged state, significant changes in the measured signals due to the artificial
delamination can be obtained for both methods. Hence, AFCs are suitable for
damage detection with two different methods which is of advantage in particular
in SHM applications. The investigation shows that for the application of AFCs it
is important to take the coupled transfer behavior of the surface bonded AFC into
account in order to obtain useful and interpretable results.
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Zusammenfassung

Aktive Faserverbund-Elemente (AFCs, aus dem Englischen ‘Active Fiber Compos-
ites’) bestehen aus einer Schicht piezoelektrischer Keramikfasern, die in eine Epoxid
Matrix eingebettet und zwischen zwei Fingerelektrodenpaare platziert ist. AFCs
eignen sich dank ihrer geringen Dicke und ihrer Biegbarkeit als Aktor- und Sensorele-
mente fiir die permanente Zustandsiiberwachung von Strukturen (SHM, aus dem
Englischen ‘Structural Health Monitoring’) mittels wellenbasierten zerstérungsfreien
Priifverfahren. Im ersten Teil der vorliegenden Arbeit wird das dynamische Uber-
tragungsverhalten von oberflichenapplizierten AFCs als Sender und Empfianger von
elastischen Wellen charakterisiert, die sich in einer isotropen Plattenstruktur aus-
breiten. Diese Charakterisierung ist wichtig im Hinblick auf die Auslegung und Op-
timierung der AFCs fiir spezifische Anwendungen. Im zweiten Teil der Arbeit wird
die Anwendbarkeit der AFCs zur Schadenserkennung in einer Modellstruktur ex-
perimentell aufgezeigt. Es werden zwei verschiedene zerstorungsfreie Priifverfahren
eingesetzt und bei beiden Verfahren iibernehmen dieselben AFCs die Funktion der
Sender und Empfanger. Das Erkennen einer Schiadigung der Struktur entspricht der
ersten Stufe im Schadensidentifizierungsprozess in einem SHM System.

Zur Charakterisierung werden Ubertragungsfunktionen fiir den AFC sowohl als
Sender wie auch als Empfanger von Wellen in einem numerischen Modell und im
Experiment bestimmt. Die Ubertragungsfunktion beschreibt das Verhiltnis zwis-
chen Ausgangs- und Eingangssignal eines linearen Systems im Frequenzbereich.
Das hier untersuchte System besteht aus einer Aluminiumplatte mit einem ober-
flaichenapplizierten, fest aufgeklebten AFC. Wird der AFC als Sender gebraucht,
dann entspricht die elektrische Spannungsanregung dem FEingangssignal und das
Ausgangssignal wird definiert als die resultierende Oberflichengeschwindigkeit an
spezifischen Punkten um den AFC herum. Wird der AFC hingegen als Empfianger
eingesetzt, so entspricht die Oberflaichengeschwindigkeit der in einem beliebigen
Winkel zur AFC-Faserrichtung einfallenden Welle dem Eingangssignal und die re-
sultierende elektrische Spannung iiber den Elektroden des AFCs dem Ausgangssig-
nal. Wegen dem anisotropen Materialverhalten des AFCs, verursacht durch die
ausgerichteten Fasern und der Anwendung von Fingerelektroden, ergeben sich unter-
schiedliche Ubertragungsfunktionen je nach dem, wo die resultierende Oberflichen-
geschwindigkeit gemessen wird, respektive, aus welcher Richtung die vom AFC zu
detektierende Welle eintrifft.

Um das dynamische Verhalten zu untersuchen, wird das System bestehend aus
Platte und angekoppeltem AFC mit Hilfe der Finiten-Differenzen Methode nu-
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merisch modelliert. In einem zweidimensionalen (2D) Modell wird die Wellenaus-
breitung im ebenen Dehnungszustand in der Schnittebene quer zur Plattenebene
in Richtung der Symmetrieachse in Faserrichtung des AFC simuliert. Dabei wird
die elektro-mechanische Kopplung iiber den Piezoeffekt mitberiicksichtigt, was die
Simulation des AFC als Sender wie auch als Empfinger ermoglicht. Mit einem drei-
dimensionalen (3D) Modell, das nur die Platte ohne AFC beschreibt, wird dann die
Wellenausbreitung in beliebigen Richtungen simuliert. Um die Wellen im 3D Mod-
ell anzuregen, werden dieselben mechanischen Spannungen an der Oberfliche der
Platte aufgebracht wie sie zuvor im 2D Modell zwischen AFC und Platte berech-
net und aufgezeichnet wurden. Auf diese Weise kann das komplette 3D Wellenfeld
entsprechend einer Anregung mit dem AFC simuliert werden. Das 3D Modell wird
nur fiir die Untersuchung des AFC als Sender verwendet.

Die Resultate der Simulation werden anhand von experimentell gewonnenen
Daten iiberpriift. Dazu wird das vom AFC angeregte oder zu messende Wellenfeld
auf der Plattenoberfliche mit einem Laserinterferometer beriihrungslos detektiert.
Es werden AFCs mit verschiedenen Lingen untersucht und die experimentell be-
stimmten Ubertragungsfunktionen mit denen aus der Simulation verglichen. Dabei
werden die beiden Lamb Wellenmoden separat betrachtet. Der Vergleich zwischen
Simulation und Experiment zeigt sowohl eine qualitativ wie auch quantitativ gute
Ubereinstimmung.

Aus der Untersuchung folgt, dass das Ubertragungsverhalten des AFCs stark
frequenz- und richtungsabhéngig ist. Je nach Verhéltnis zwischen den Léngen des
AFCs und der in der Platte laufenden Welle ergeben sich Minima und Maxima in der
Ubertragungsfunktion. Die Wellenlinge wird dabei durch die Dicke und die Mate-
rialeigenschaften der Platte sowie durch die Frequenz bestimmt. Das Abstrahl- und
Empfangsvermogen ist am stiarksten in der Faserrichtung des AFCs. Auf der einen
Seite kann dies mit dem Verhéltnis zwischen der Breite des AFCs und wiederum
der Wellenlénge erklért werden: Je breiter der AFC im Vergleich zur Wellenlénge,
desto stirker ausgeprigt ist die Richtungsabhéngigkeit. Auf der anderen Seite ist
auch das anisotrope Materialverhalten des AFC fiir diesen Effekt verantwortlich.
Letzteres fiihrt auch dazu, dass neben den beiden Lamb Wellenmoden auch ein
Scherhorizontalwellenmode angeregt wird.

Die Modellversuche zur Schadenserkennung werden an Aluminium-Hardschaum
Sandwichplatten durchgefiithrt. Zuerst wird die Wellenausbreitung in einer solchen
Platte und der Einfluss von Ablésungen zwischen Deckschicht und Kern auf die sich
ausbreitenden Wellen untersucht. Weiter wird eine Methode vorgestellt, mit der
sich solche Schiadigungen im Experiment geniigend realitdtsnah kiinstlich erzeugen
lassen. Dies erlaubt mit reproduzierbaren Resultaten zwischen dem ungeschadigten
und dem geschidigten Zustand der Struktur hin und her zu wechseln und somit
das Verhalten der Aktor- und Sensorelemente ohne den Einfluss von unkontrollier-
baren Schadigungen zu untersuchen. Fiir diese Experimente werden piezoelektrische
Keramikplattchen anstelle von AFCs verwendet.

Fiir das abschliessende Experiment sind, mit Hilfe der Erkenntnisse aus der
Charakterisierung, AFCs auf eine spezifische Lange gekiirzt worden, um ihr Uber-
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tragungsverhalten fiir den vorgesehenen Einsatz zu optimieren. Zur Erkennung
einer Schidigung, hier eine kiinstlich produzierte Ablosung, wird das Lambwellen-
Verfahren und das elektro-mechanische Impedanz-Verfahren angewendet. Ersteres
basiert auf der Ausbreitung von kurzzeitigen Wellenpulsen, letzteres auf harmonisch-
en Schwingungen. Fiir beide Verfahren kommen die gleichen oberflachenapplizierten
AFCs, jedoch in einem anderen Frequenzbereich, zum Einsatz. Es zeigen sich bei bei-
den Verfahren klare Unterschiede zwischen den Messungen im ungeschéadigten und
geschadigten Zustand der Modellstruktur. Dies bedeutet, dass dieselben AFCs fiir
die Schadenserkennung mit verschiedenen Verfahren geeignet sind, was vor allem in
SHM Anwendungen von Vorteil ist. Weiter zeigt die Untersuchung, dass das gekop-
pelte Ubertragungsverhalten des AFCs mit der Struktur bei der Anwendung solcher
Elemente mitberiicksichtigt werden muss, damit brauchbare und interpretierbare
Resultate generiert werden konnen.
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Chapter 1

Introduction

1.1 Motivation

Monitoring aerospace, civil, and mechanical engineering structures over their life-
time in order to improve reliability and availability and reduce life-cycle costs is of
great interest. In recent years, the number of published works concerning the so-
called structural health monitoring (SHM) increased rapidly. A SHM system, which
is an integrated part of the structure to be controlled, should be able to detect,
locate and evaluate a damage in the structure, estimate its severity and monitor its
evolution with time.

A variety of non-destructive testing (NDT) methods for damage detection and
evaluation has been developed and used (see, e.g., [74]), such as eddy current testing,
radiography, thermography or ultrasonic testing to name just a few. However, not
all NDT methods are well-suited for SHM due to high costs, high consumption of
time, equipment and manpower, or due to safety aspects (e.g., the use of X-ray
in an aircraft in service). Many different approaches for SHM are reported in the
literature. One potential approach is based on the use of optical fiber sensors (see,
e.g., [33]) for monitoring mechanical strains in the structure during operation. The
sensors can easily be attached or integrated in, e.g., glass or carbon fiber reinforced
composite structures. A single sensor enables measuring strains at several positions
along the fiber and, moreover, is suitable for damage detection. Other promising
approaches for SHM, in particular for monitoring plates or pipes, are based on
NDT methods which use structural vibrations or propagating guided waves. These
methods which will be considered in this thesis allow for monitoring large areas
without the necessity of a time-consuming scanning process as it is required, e.g.,
for classical ultrasonic testing. As transducer elements, piezoelectric devices which
can be permanently attached to or even integrated into the structure under control
are well-suited since they can not only be used as sensors (or receivers) but also as
actuators (or emitters) to excite waves and vibrations.

In most investigations for SHM applications with wave or vibration based meth-
ods (so called acoustic NDT methods), thin piezoelectric ceramic elements are used.
However, these elements are brittle and can not directly be attached to curved



surfaces. Alternatively, piezocomposite transducers such as active fiber composites
(AFCs) or the similar macro fiber composites (MFCs, see Sec. 2.4) can be applied.
AFCs consist of one layer of piezoelectric ceramic fibers embedded in an epoxy
matrix and sandwiched between two sets of interdigitated electrodes. They were
initially developed by Bent and Hagood [9] for structural control. However, their
thin planar size and their conformability to even biaxially curved surfaces make
AFCs (as well as MFCs) suitable as transducer elements for SHM applications in
plates, shells or pipes (see, e.g., [13], [39], [72], [79]).

Motivated by the existing know-how of manufacturing AFCs at the Laboratory
of Mechanical Systems Engineering at Empa [35] and the know-how of elastic wave
propagation at the Institute of Mechanical Systems at ETH Ziirich, e.g., [20], [29],
the topic of this thesis is the fundamental investigation of AFCs used as transducer
elements for acoustic NDT methods. This investigation includes a characterization
of the dynamic behavior of the AFC as well as an experimental application of AFCs
for damage detection. AFCs — manufactured in-house — have been successfully used
for NDT in separate laboratory experiments performed at Empa: they substituted
conventional piezoelectric transducers in acoustic emission and acousto-ultrasonic
applications ([6], [14]), they were applied for the electro-mechanical impedance
method [5], and they were used as strain sensors in a low frequency range [49.
Therefore, different NDT methods for which the same AFCs are used as transducer
elements will be combined within the experimental application. Since the methods
are sensitive to different damage types, the performance of a SHM system could be
improved without increasing the number of required transducers.

However, before AFCs can be applied for damage detection, their dynamic be-
havior must be characterized. Due to their design and manufacturing they have
anisotropic material properties which lead to directionally dependent emitting and
receiving capabilities. Hence, for a SHM system with AFCs, this characteristic must
be taken into account. Only a few papers concerning this topic can be found in the
literature. Raghavan and Cesnik [64] analytically described the excitation of elastic
waves in an isotropic plate with a mechanical loading which represented the surface
bonded AFC/MFC. Matt [47] analytically derived the response of an AFC/MFC
to incoming Lamb waves from arbitrary direction. Within both investigations, the
transducer-structure interaction as well as the coupled electro-mechanical behavior
of the piezoelectric element is neglected. This is reasonable as long as the stiffness of

the transducer is much smaller than that of the plate. However, this is not generally
fulfilled.

For taking into account the complex electro-mechanical coupling, the transducer-
structure interaction, and the anisotropy of the transducer, and in order to get
quantitative results which are comparable with experiments, a numerical approach
is best suited. In some works Lamb wave propagation caused by surface bonded
piezoelectric transducers including the electro-mechanical coupling of the piezoelec-
tric material is investigated ([46], [51], [65]). However, numerical investigations of
surface bonded AFC/MFC used as emitter and receiver of transient waves have not
been reported in the literature to the best knowledge of the author.



1.2 Aim of the Project

In any application of an AFC — or of other piezoelectric transducers — in SHM
with acoustic NDT methods, the element has two fundamental functions. These are
emitting and receiving elastic waves which propagate in the structure on which the
element is applied. For conception and optimization of the AFC for specific appli-
cations, it is essential to understand the dynamic behavior of the element coupled
to a structure. Hence, this thesis is focusing on two major aspects:

e Characterization of AFCs as anisotropic transducer elements for emitting
and receiving elastic waves. This includes the development of a model which
describes the electro-mechanical behavior and the interaction with waves prop-
agating in a structure as well as an experimental validation of the results
obtained from the model.

e Experimental application of AFCs for damage detection in a model struc-
ture. This builds the first step toward a SHM system with AFCs. Two dif-
ferent acoustic NDT methods are applied but with the same AFCs which are
primarily optimized according to the findings of the former characterization.

1.3 Outline

The thesis is divided into three parts. The first presents some general aspects which
are important for the following two parts: the characterization and the application
of AFCs. At the end, conclusions and outlook for both topics are given.

e In chapter 2 a brief introduction to the topic of SHM and acoustic NDT meth-
ods is given. More specific literature for the following two parts is presented
at the beginning of the corresponding chapter. Elastic waves in plates are in-
troduced and the dispersion curves for an aluminum plate are shown. Further,
piezoelectric transducers are presented, including the constitutive relations for
piezoelectric materials, the description of different transducer types, and the
specifications of the AFC itself and its manufacturing.

e In chapter 3 the procedure for characterizing the AFC as emitter and receiver
of elastic waves in plates is first described and the concept of the transfer func-
tion is introduced. The numerical model is presented by listing all required
equations and by describing the numerical algorithm. Examples of the simu-
lation of the AFC as emitter and as receiver are presented. The experimental
setup and the measurement procedure is explained. The results of both the
numerical model and the experiments are then presented and discussed.

e In chapter 4 applications with AFCs and other piezoelectric elements used for
damage detection in an aluminum sandwich plate are presented. Wave propa-
gation in the sandwich plate and the influence of a delamination between face
sheet and core on the wave propagation is investigated experimentally. The



concept of a artificial and reversible delamination is presented and experimen-
tally realized. In a final experiment the AFC is applied for the detection of
reversible delaminations in a sandwich plate with two different ND'T methods,
one is based on wave propagation, the other on structural vibrations. The
results are presented and discussed.



Chapter 2

General Aspects

2.1 Structural Health Monitoring

Structural health monitoring (SHM) denotes an approach which allows for detecting
and interpreting damages in aerospace, civil, and mechanical engineering structures
or infrastructures in order to improve reliability and reduce life-cycle costs [34]. An
SHM system is permanently attached to or even integrated into the structure and
can be part of a smart or intelligent structure. The monitoring process is performed
continuously or periodically during service or when the structure is taken out of
service.

One reason for implementing a SHM system is of course the safety [74]. By
monitoring the structure or important components of it, unexpected failure can be
avoided since damages are detected and repaired before they become critical. In
particular, structures made of fiber reinforced composites, e.g., with glass or carbon
fibers, are susceptible to fail without any advance indication since the damages (or
pre-existing defects) may be only barely visible because they are small or located
underneath the surface.

However, the probably most important reasons for SHM are of economical nature
[74]. A total failure of a structure may cause large costs. Further, if a damage
is detected in an early stage, the costs for the repair will in general be smaller.
Moreover, inspection and maintenance intervals can be optimized and the duration of
the cost-intensive out-of-service time can be reduced as well as the manpower due to
permanently installed sensors and fully or partly automated monitoring procedures.
Further, a permanent monitoring may allow for using a structure in excess of its
planed service life-time without loss of safety. All these aspects are related to an
improvement of the availability of the structure. Another aspect is the factor of
safety which has to be taken into account for dimensioning structural elements. If
the structural integrity is known at any time during service due to the SHM system,
lower safety factors could be applied [33]. This yields reduced dimensions of the
structural elements and thus a reduction of the structure’s weight which is of great
interest not only for the aerospace industry.

There are several issues related to SHM: sensor technology and measurement



technique; monitoring strategy, e.g., sensor position or type of excitation (if needed);
signal processing; signal interpretation; and hardware components, e.g., cables or
power supply [33|. The process of the damage identification in SHM can be divided
into four steps [88]:

e Existence/detection of a damage
e Localization of a damage

e Type of a damage

e Severity of a damage

The findings are needed for the estimation of remaining life-time. Many different
methods and combinations of them are proposed in the literature to solve these
tasks. Established NDT methods or newly developed solutions can be applied. For
this thesis methods based on wave propagation and on structural vibrations are
applied. A brief introduction to these methods is given in the next section. An
overview on other potential methods for SHM as well as on different aspects of such
a system for aerospace structures can be found in [74]. Due to the vast amount
of literature over the last 30 years, the reader is referred to [18] and [88], which
both give an introduction to SHM and build a starting point for further literature
research. Because of the increased attention of SHM in the engineering community,
several new conferences have been held in recent years that focus on SHM (e.g., the
International Workshop on SHM, the European Workshop on SHM) and a peer-
reviewed journal has been initiated (Journal of Structural Health Monitoring).

2.2 Acoustic Non-Destructive Testing Methods

Acoustic NDT addresses for this work any method which is based on structural
dynamics in general (vibrations and wave propagation phenomena). However, the
methods differ in some aspects:

e Passive and active approaches. Passive methods use only sensors while
active methods use both actuators and sensors. Hence, the former depends on
external excitations such as dynamic loadings, impacts, or crack initiation and
growth. Most SHM systems must hence be switched on during these events
(which may happen randomly) or the information will be lost. In contrast, an
active system excites the structure by itself and allows for performing mea-
surements independently of the moment when a damage occurs. Further, it
becomes possible to measure a baseline (or reference) and compare it with data
measured at a later time. Some methods can be applied passively or actively,
e.g., the frequency response method (see text below) can use dynamic loadings
of a structure in service or forces applied by actuators.



e Time scale. Some methods deal with harmonic or stationary states while oth-
ers consider transient processes. A harmonic state — or vibration — is reached
when the wave which starts to propagate at the beginning of an excitation is
reflected a few times at the boundaries of the structure and the reflections su-
perpose each other. In contrast, for wave based methods only the wave which
arrives first at the measurement point is of interest. Hence, typically the
first few milliseconds after the excitation have to be considered which requires
measurement techniques with sufficiently high resolution.

e Frequency range. The applied frequency and the material and geometrical
parameters of the structure define the wavelength. With increasing frequency
the wavelength usually decreases and the material damping increases. More-
over, the higher the frequency the smaller the size of still detectable damages.
Therefore, the frequency defines the sensitivity of the method as well as the
area which can be monitored by one sensor.

In the following the most common methods are briefly explained. The guided
wave based method and the electro-mechanical impedance method will be used
for damage detection with AFC as presented in Chap. 4 where a more detailed
description as well as a literature review can be found. The first four methods are
based on elastic wave propagation while the other two are vibration based.

e Acoustic emission (AE) — passive, typical frequency range between 10 kHz
and 1 MHz. When a material fractures, elastic energy is rapidly released which
is known as acoustic emission. The energy propagates as a mechanical wave
within the material and can be registered with sensors. The use of several
sensors enables the localization of the source. Similarly, impacts (external
loadings) can be detected and evaluated.

e Guided wave based method (GW method) — active, between 10 kHz and
1 MHz. Guided waves are elastic waves which propagate within a wave guide
such as plates or pipes. They exist in several wave modes and are generally
dispersive. Due to the wave guide and the relatively low frequencies, the waves
can propagate long distances and are still sensitive to small discontinuities.
Often, a pitch-catch configuration is applied, where waves are sent from one
transducer (actuator or emitter) to a second one (sensor or receiver). In order
to limit the number of excited propagating wave modes and to reduce the
effects of the dispersion, an excitation signal within a relatively small frequency
range (narrow band) is used. The well-defined propagation of the waves allows
for tracing the waves and, hence, for improving the evaluation of the data.

e Acousto-ultrasonics (AU) — active, above 0.5 MHz. In contrast to the
GW method, a multitude of guided wave modes is excited with a broad band
excitation signal sent to an emitter. Due to the presence of several wave modes,
the interpretation of the signals measured with a receiver is difficult. Hence,
statistical methods are usually used for the data evaluation.
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e Ultrasonics — active, typically above 1 MHz. Elastic waves are excited with
high frequency pulses so the wavelengths are much smaller than the dimensions
of the specimen. Hence, only bulk waves are excited whose propagation is
well-defined and traceable since they are non-dispersive. Both, a pulse-echo
configuration — the same transducer is used for emitting and receiving the
waves — or a pitch-catch configuration are possible. Ultrasonics is one of the
best established NDT methods with a wide range of applications.

e Modal analysis or frequency response method — active or passive, below
100 kHz. The dynamic behavior in a relatively low frequency range is investi-
gated. Several vibration parameters such as eigenfrequencies, eigenmodes, or
damping are evaluated. The excitation is achieved with actuators or by other
dynamic loadings.

e Electro-mechanical impedance method (EMI method) — active, be-
tween 10 kHz and 500 kHz. The complex electrical impedance (ratio be-
tween applied, alternating voltage and the resulting current) of a piezoelec-
tric element which is mounted to the structure is measured. Due to the
electro-mechanical coupling over the piezoelectric effect the measured elec-
trical impedance is influenced by the dynamic behavior of the structure. The
frequencies are usually much higher than for the modal analysis. This leads
to a better sensitivity to smaller defects, however, the area which can be mon-
itored by a single transducer decreases.

There is a variety of transducers (actuators/sensors or emitters/receivers) avail-
able for the specific purposes. The most common are optical fiber sensors, piezo-
electric transducers, laser techniques (including laser interferometry), strain gauges,
electro-magnetic acoustical transducers (EMAT), micro-electro-mechanical systems
(MEMS). In SHM systems, in particular when an active approach is chosen, often
piezoelectric transducers are applied since the same element can be used as both
actuator and sensor. A brief introduction to piezoelectricity and typical transducer
types, including AFC, is given in Sec. 2.4.

2.3 Elastic Waves in Plates

In a linear-elastic plate with traction-free boundaries two different types of plane
waves exist (e.g., [1], [67]). The first are the shear-horizontal (SH) modes and are
built by the superpositions of reflected horizontally polarized shear waves (secondary
waves or SH bulk waves). The second are the Lamb waves, analytically derived
primarily by Horace Lamb [37]. They result from mode conversion phenomena and
superpositions of reflected dilatational waves (primary waves or P bulk waves) and
vertically polarized shear waves (secondary waves or SV bulk waves). Both types of
plane waves exist only in certain modes and are described by the dispersion-relations,
which relate the phase velocity with the wave number, or frequency, depending on
the plate thickness and the material properties.



The dispersion-relation for the SH modes is given by [67]

(_) S (2mY (2.1)

where 2h is the plate thickness, ¢, the phase velocity and k = w/c, the wave number
of the n-th SH mode (n = 0,1,2,...), and w the angular frequency. The phase
velocity of the shear wave is defined as ¢o = \//p where pu is one of the two Lamé
constants and p is the density. With n = 0, Eq. (2.1) results in ¢, = ¢5. Thus,
the first mode is non-dispersive, while all other modes propagate dispersively. The
displacements of the SHy mode are constant across the thickness.

The Lamb waves are divided into symmetric or longitudinal modes and antisym-
metric or transversal modes. The dispersion-relation for the symmetric modes is
given by [67]

tan(fgh) _ 4]€2£1£2 (2 2)
tan(§h) (B2 = &%) '
and for the antisymmetric modes by
2 _ ¢ 22

tan(h)  4R26&

where §,? = k,?—k? and &,? = k,?—k?. Further, the phase velocity of the dilatational
wave is ¢; = /(A + 2u)/p where X and p are the Lamé constants. The wave numbers
of the dilatational wave is k; = w/c¢; and of the shear wave ko = w/cs.

The numerical solutions of Eq. (2.1) - (2.3) for an aluminum plate are given in
Fig. 2.1. Also the group velocities, calculated with ¢, = dw/dk, are shown. It can
be seen that there is an infinite number of wave modes and for any given frequency
at least the SHy mode and two Lamb wave modes, the Sy and the Ay mode, coexist.

For Lamb wave based damage detection it is advantageous to work with a single
mode to keep the measured signals as simple as possible [2]. Thus, frequencies below
the first cut-off frequencies of higher wave modes are often applied. Hence, for an
aluminum plate with a thickness of 1 mm as used in this thesis, the frequencies
must be below 1 MHz. Within this frequency range the Sy mode propagates almost
non-dispersively, while the Ag mode is highly dispersive.

The displacement fields of the Lamb wave modes can now be derived with the
solution of the dispersion-relations [67]. This is important since the displacement
field is not linear across the thickness of the plate and it depends on the frequency.
Figure 2.2 shows the displacement fields u, (in propagation direction) and wu, (per-
pendicular to the plate) for the Sq and Ay mode for several frequencies. Further,
the ratios of u, and u, at the surface of the plate are given since the wave field is
measurable only at the surface. It can be seen that below 1 MHz the Sy mode has
almost in-plane (IP) surface displacements, while the out-of-plane (OoP) component
is dominant for the Ay mode.
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Figure 2.1: Dispersion curves for symmetric (red) and antisymmetric (black) Lamb

wave modes and for shear-horizontal wave modes (dashed) for an aluminum plate
of thickness d.
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Figure 2.2: Normalized displacement fields of Lamb waves across the thickness (2h
= 1 mm) of an aluminum plate for different frequencies for the Sy (a-c) and the Ag
mode (d-f). The displacement u, (red) is in propagation direction and w, (black)
is perpendicular to the plate. g) Ratio of the amplitudes of the surface velocities
urp/uoop for the Sp mode (solid) and up,p/usp for the Ay mode (dashed).
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2.4 Piezoelectric Transducers

Piezoelectric transducers are widely used in practice to convert mechanical energy
into electrical energy or vice versa. They are applied in microphones as well as in
simple lighters. One of the probably best known applications is in the field of medical
ultrasound, where piezoelectric devices are used to emit and receive ultrasonic waves.
The main part of every transducer is of course the piezoelectric material, however,
the performance is also a result of its design and construction.

2.4.1 Constitutive Relations

Piezoelectricity can be assumed as a linear material property that relates electric
fields with mechanical deformations or vice versa [66]. The generation of surface
charges (as a result of electrical polarization within the material) when the material
is subjected to mechanical stresses is termed the piezoelectric effect. However, the
inverse piezoelectric effect describes the deformation of the material when an electric
field is applied. The effect exists only in materials without a central symmetry in its
crystallographic structure. A very common material in practice, that is also used in
this work, is lead-zirconate-titanate (PZT), which is a polycrystalline ceramic with
a perovskite crystal structure (e.g., [80]). Below the so called Curie-temperature,
the positive and the negative charge sites do not coincide, so each elementary cell
has a built-in electric dipole in certain directions given by the crystal structure.
Neighboring dipoles tend to align with each other and form domains with a net
polarization. One single grain of the polycristal consists of one or more domains,
and the angle between the directions of the polarization of two neighboring domains
within a grain is 90° or 180°. Due to the polycrystalline structure of the ceramic,
the polarizations are oriented randomly throughout the material and no macroscopic
piezoelectric effect is exhibited. To get a piezoelectric effect, a strong external electric
field can be applied after heating the material near but below the Curie-temperature.
The domains will align with the external field, which is held constant during the
following cooling. When the electric field is removed, the dipoles remain aligned and
a net polarization and therefore a macroscopic piezoelectric effect can be observed.
This process is called the polarization and influences the electrical properties as well
as the mechanical ones. After the polarization, PZT shows a transversely-isotropic
material behavior [66]. The main axis of the anisotropy is equal to the direction of
the polarization within the material.

The linear constitutive relations of a piezoelectric material can be derived by
modifying Hooke’s law (generalized for 3D) for linear elastic material with a term
describing the piezoelectric coupling effect [66]. This leads to

c=CF.e—e E (2.4)

where o represents the stress tensor of rank two, C¥ the elastic stiffness tensor of
rank four at constant electric field, € the strain tensor of rank two, e the piezoelectric
tensor of rank three, and E the electric field. Also the relation D = ¢F for describing
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electrical properties of dielectrics has to be generalized and modified due to the
coupling effect and the anisotropy to

D=e-€e+e-E (2.5)

where D is the electric displacement vector and €€ the dielectric permittivity tensor
of rank two at constant strain. The constitutive relations can also be given in three
other forms since there are four different choices for the free electrical (D, E) and
mechanical (o, €) variables, however, this form will be used for the modelling part
presented in Chap. 3.

Using the conversion table for the indices as follows

11 22 33 23 13 12
1 2 3 4 5 6

and the convention that the es-direction corresponds to the main axis of the an-
isotropy the Eq. (2.4) and (2.5) for the transversely-isotropic PZT can be rewritten
in a single matrix form as

o1 C11 C12 C13 0 0 0 0 0 —E€31 €1
09 Ci2 C11 C13 0 0 0 0 0 —€31 €9
03 Ci13 C13 Cs3 0 0 0 0 0 —E€33 €3
(o) 0 0 0 Cy4 0 0 0 —€15 0 2. €4
05 = 0 0 0 0 Caq 0 —€15 0 0 . 2- €5
06 0 0 0 0 0 c6| O 0 0 2-€
D1 0 0 0 0 €15 0 €11 0 0 E1
D, 0 0 0 es5 0 O 0 €11 0 £y
| Ds | | e ez ez 0 0 0 0 0 es3 | | Bz |

With ¢cgq = %(011—012), ten independent material constants remain: five elastic, three
piezoelectric and two dielectric constants. Typical values for PZT are given, e.g., in
[66]. The piezoelectric constants define the three different kinds of coupling. The
es3 or the es; defines the coupling between an applied external electric field in the
es-direction, i.e. in the direction of the polarization, and the resulting mechanical
stresses in the ez-direction (longitudinal effect) or e;-direction (transverse effect),
respectively. The e;5 defines the coupling between an applied electric field in the
e;-direction, i.e. perpendicular to the direction of the polarization, and the resulting
shear stresses in the e;-es-plane, which is addressed as index 5 (shear effect).

2.4.2 Different Types of Transducers

There is a variety of piezoelectric transducer types which are optimized for the dif-
ferent fields of applications. The single components needed for any transducer are
at least the piezoelectric element, the electrodes, and the wires for connecting the
transducer with the excitation or measurement system. Depending on the appli-
cation, material and its polarization, geometries, and the electrode design can be
varied and specific mechanical or electronical components can be added. To high-
light the specific characteristic of AFCs some typical transducer types used in NDT
and SHM are presented here.
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Figure 2.3: Schematics of typical transducer types used in NDT and SHM: a) bulk
transducer, here polarized through the thickness, b) thin piezoceramic transducer,
here a rectangular plate, and c¢) piezocomposite transducer, here an AFC made of
piezoceramic fibers and with interdigitated electrodes.

Bulk Transducers

This type of transducer is often used for acoustic NDT methods like AE, AU, or
classical ultrasonic testing. Beside the piezoelectric element and the electrodes on
the front and back face, the probes usually also have a backing mass on the back
face and a wear plate on the front face (see Fig. 2.3). The system of piezoelectric
element and backing mass defines the resonance frequency and the damping of the
element. The backing mass enhances the energy transfer to the test specimen. The
wear plate protects the piezoelectric element from environmental impacts and, if
needed, helps to achieve a better impedance match between piezoelectric element
and specimen. The probe is reversibly coupled to the structure by applying a thin
layer of couplant between the probe and the structure. If the piezoelectric element
is polarized through the thickness, normal and shear stresses are generated during
excitation (longitudinal and transverse effect, respectively). However, by using a
specific couplant, only the normal stresses are transferred to structure. If the piezo-
electric element is polarized in the plane, shear stresses are generated (shear effect)
and then transferred to the structure. Since the coupled probe is relatively free
from the structure, the behavior of the probe is mainly defined by its own dynamics
[24]. There are narrow-band resonant devices or broad-band non-resonant devices.
The probes are designed and optimized for specific applications and for the use in
a well-defined frequency range. Since they are relatively expensive, large in their
dimensions, and not designed for being permanently bonded to the structure, bulk
transducers are not ideal for SHM applications.
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Thin Piezoceramic Transducers

Contrary to the probes mentioned above this type of transducer (referred as piezoce-
ramic transducer or within the experimental parts as disc transducer) consists only
of a thin monolithic piezoelectric ceramic element and two electrodes on either side
(see Fig. 2.3). The polarization is oriented through the thickness. These transducers
are typically permanently bonded to the structure to be monitored. They have typi-
cal dimensions in the lateral directions of a few millimeters up to centimeters and in
the thickness of around 1 mm. They are inexpensive and commercially available in
a variety of shapes and sizes. Therefore, these elements are suitable for using them
in SHM applications. Due to their small sizes and due to the strong coupling, they
follow (and also influence) the dynamics of the structure [24]. During excitation
normal and shear stresses are generated (longitudinal and transverse effect). Due
to the bonding and a thickness which is much smaller than the wavelengths, the
coupled electro-mechanical behavior is mainly described by the transverse effect.
Hence, the transducer wants to expand and contract in both lateral directions and,
in a simplified consideration, causes shear stresses on the structure’s surface. These
stresses are concentrated along the edges of the transducer and for opposite edges
they have opposite signs.

Piezocomposite Transducers

The piezoelectric part of this type of transducer is composed of several piezoceramic
elements embedded in a matrix system. The combination of the two materials leads
to changed electro-mechanical properties and to a much better mechanical flexibil-
ity compared to the monolithic piezoceramic transducers which are brittle and thus
susceptible to failures. Due to the large amount of possible combinations for piezo-
composite transducers only the concept of the AFC is presented here (specifications
and manufacturing details for the AFC are presented in the next subsection). A
survey of other piezoelectric sensors and sensor materials can be found in Tressler
et al. [80].

AFCs were initially developed by Bent and Hagood [9] as actuators for structural
control. They consist of one layer of round piezoelectric ceramic fibers embedded in
an epoxy matrix and sandwiched between two sets of interdigitated electrodes (IDE).
Macro fiber composites (MFC), which were developed by Wilkie et al. [87], are
almost identical to the AFC except from the manufacturing process which leads to
rectangular ceramic fibers. Both types of elements have a thickness between 0.2 mm
and 0.3 mm. Due to the perpendicular orientation of the electrode pattern to the
fiber direction and due to the polarization procedure performed after manufacturing
the element, i.e. with the aid of the IDE, the direction of the polarization in the
piezoelectric material is aligned in fiber direction but with alternating sign for each
section of the fiber between two oppositely charged electrode fingers. But since the
electric field which is applied to the IDE for actuating the element is alternating in
the same manner, an expansion or compression results over the whole length of the
fiber. The same principle is valid also for the direct piezoelectric effect. Fig. 2.4
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Figure 2.4: Simplified schematics of the polarization P, the electric field E used for
excitation, and the resulting strain for an AFC with interdigitated electrodes.

shows this simplified situation where the more complex electric field and polarization
underneath the electrode fingers are neglected. Due to the dominant alignment of
the polarization in fiber direction, the electro-mechanical behavior in fiber direction
is described by the longitudinal effect. Perpendicular to the fibers, the electro-
mechanical behavior is described by the transverse effect. Additionally, also the
mechanical properties are anisotropic due to the unidirectionally aligned ceramic
fibers and the presence of the epoxy matrix between the fibers. Consequently, the
performance of the AFC/MFC is much more pronounced in fiber direction than
perpendicular to it.

Analogous to the thin piezoceramic transducer the dynamic behavior of the AFC
or MFC is dominated by the dynamics of the structure when the element is per-
manently bonded to the structure. In a simplified consideration, the AFC/MFC
causes shear stresses on the structure’s surface but only at either end of the fibers.
The thin planar size and the conformability to curved surfaces make AFCs/MFCs
suitable as transducer elements for SHM applications ([13], [39], [64], [72], [79]).

2.4.3 Active Fiber Composite

The fibers of the AFC as used in this work are made of PZT-5A (commercial
fibers from Smart Materials Corp., Sarasota, USA) and have a diameter of around
0.25 mm. They are embedded in a two-component epoxy resin (Araldite LY 564 /-
Aradur 2954 from Vantico AG, Basel, Switzerland). The IDE are screen-printed on
Kapton foil (100 HN, 25 pm thick, supplied by Dupont, Mechelen, Belgium) with a
silver paste (CB025 from Dupont). The following dimensions correspond to a stan-
dard design, which was applied for all AFCs used in this work (see Fig. 2.5). The
fingers of the standard IDE have a width of around 0.2 mm and the electrode spac-
ing is around 0.9 mm. The overlapping length of two oppositely charged electrode
fingers is 20 mm and the distance between the two outer fingers is 31 mm, which
results in an active area of [, X w, = 31 mm x 20 mm. About 70 fibers are arranged
regularly within these 20 mm. At the end of the production process the AFCs and,
therefore, the fibers are cut to a length of around [/;,; = 34 mm. The overall width
of the AFCs is wy,; = 40 mm and the thickness is around d4pc = 0.3 mm.

The production process started with the alignment of the unpolarized fibers in
their original length (around 150 mm) on a plate with parallel grooves with the
required spacing. The fibers were held together with adhesive tape placed at the
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Figure 2.5: Schematic of an AFC manufactured at Empa with standard design (left,
dimensions in [mm|) and the nomenclature of the dimensions (right). The active
area is l, X w,.

ends of the fibers. This fiber layer and the epoxy resin were then compounded
between the two sets of electrodes and placed under a hydraulic press (ca. 0.2 bar).
The AFC was cured at 120° C for 1 hour under the press and post cured at 160° C for
8 hours outside the press. Copper wires for connecting the electrodes were soldered
to the contact points. The polarization was performed over the IDE with an applied
electric voltage of 2.4 kV in an oven at 80° C for 20 minutes [35]. In order to
exclude changes in the epoxy resin during polarization, the temperature was chosen
far below the glass transition temperature of the epoxy resin (around 150° C) which
was also below the Curie-temperature of the PZT material (around 335° C). Finally,
the AFC was cut to the respective length and width. The AFC elements used for
this work were produced in the laboratories at Empa.

The AFC theoretically shows orthotropic mechanical and electrical material be-
havior. However, the influence of the Kapton foil is negligible due to the relatively
small thickness of the foil and the material properties which are comparable to those
of the epoxy matrix. Therefore, a transversely-isotropic material behavior with its
main axis aligned in fiber direction can be assumed. As for bulk PZT, ten inde-
pendent material parameters are needed. The estimation of these parameters is
not easy since there are no standard tests such as the ones used for piezoelectric
bulk material. With a simple rule of mixture, some mechanical properties can be
approximated [55]. Further, some experimental tests ([55], [49]) and finite element
calculations [56] were performed at Empa to investigate the AFC’s behavior. In
Tab. 2.1 all parameters are listed. If a parameter is not known from experiments,
it is assumed that in fiber direction the material behavior is dominated by the PZT
fibers, while perpendicular to the fibers the epoxy matrix is dominant. Some pa-
rameters are assumed to be additionally reduced since the fibers are not equal to a
bulk material. Here, the stiffness parameters are the elastic moduli £1; and FEs3, the
shear modulus G113, and the Poisson ratio v15 and v;3 and the piezoelectric constants
ds1, ds3, and ds; since they are more common. A table with the material param-
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Elastic moduli

Shear modulus

Poisson’s ratios

Piezoelectric
constants

Dielectric
constants

Density

Ey
Es3

Gz

Vi2
V13

€33

p

|GPal
|GPal

|GPa|

-]

-]
[pm/V]
[pm/ V]
[pm/V]

-]

]
[kg/m?|

8.5
21

3.1

0.35
0.32

-171

374
470

833

755
4700

see [55]
from unpublished tensile
tests performed at Empa

see [55]

assumption

Poisson’s ratio of the
epoxy matrix

assumed to be equal to
PZT-5A [66]

see ds;

assumption

assumed as 10% less than
the values for PZT-5A
66]

see €11

see [55]

Table 2.1: Material parameters for an AFC (see also Tab. A.1 in App. A).

eters in the form as used in the constitutive relations in Sec. 2.4.1 is presented in

Appendix A.
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Chapter 3

Characterization of AFCs

3.1 Introductory Remarks

3.1.1 Concept

For any application of the AFC in the field of SHM with acoustic NDT methods, it
is of importance to know how the AFC behaves when it is coupled to a structure and
used as emitter or receiver of elastic waves or vibrations. Due to the small thick-
ness of the AFC, the coupling and also the structure itself have major influences on
the dynamic behavior of the AFC. Therefore, it is essential to investigate a system
consisting of both, the AFC and the structure. For emphasizing the characteristic
of the AFC, the structure is chosen as simple as possible. A linear elastic, isotropic
aluminum plate is well suited for this purpose, also because plates are widely used
in engineering applications. Further, by investigating the propagation of transiently
excited waves, the influence of the eigenmodes of the plate can be neglected. Since
vibrations result from superpositions of reflected waves from the boundaries, the
length and width of the plate should be large compared to the length of the prop-
agating wave packets, and the AFC should be positioned in the center of the plate.
It is assumed that the AFC is perfectly coupled to the plate, i.e. the influence of
the bonding layer is not considered.

For the characterization of the dynamic behavior of the surface bonded AFC, a
numerical model is developed and experiments are performed to validate the model.
The investigation is focused on the following aspects:

e How does the wave field in the plate excited by the AFC look like for dif-
ferent frequencies? What kind of modes are excited preferably and in which
directions?

o How sensitive is the AFC for the different wave modes?

e How do the geometric dimensions of the AFC influence the results?

The system for the emitter has two symmetry axes through the center of the AFC,
one in fiber direction and one perpendicular to it, and multiple modes will be ex-
cited. The system for the receiver might be asymmetric and only a single incoming
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mode from an arbitrary direction will be considered. Therefore, the two fundamental
functions of the AFC, emitting and receiving elastic waves, are investigated sepa-
rately. Following the calibration methodology proposed by Veidt et al. [81] transfer
functions are determined for the description of emitting and receiving capabilities
of the AFC. The procedure for the determination is equal for both the simulations
and experiments and is explained in Sec. 3.2. Most parts of the work have already
been presented by the author in [10], [11] and [12].

3.1.2 Previous Work

Most of the work mentioned below concerns thin surface bonded piezoceramic trans-
ducers with an electrode on either side and a polarization through the thickness.
Only a few papers can be found in the literature dealing with AFCs/MFCs and in-
vestigating their behavior as emitter and receiver of elastic waves. Although piezo-
ceramic transducers differ from AFCs/MFCs, some findings are valid for both, at
least in a two-dimensional consideration of a cross section through the plate and the
AFC in its fiber direction.

Analytical Modelling

There is a variety of analytical approaches reported in the literature for investigating
the generation of Lamb waves by piezoelectric transducers located on the surface of
the plate and the resulting wave field within the plate. For all analytical models,
the transducer is replaced by representative mechanical loading. One analytical
approach is the normal mode expansion method [3] which uses infinite series of
eigenmodes of Lamb waves for describing the wave field in the structure excited by
surface mechanical loadings. Another analytical approach is the integral transform
method for solving the boundary value problem [83]. In some work this method is
combined with the Mindlin plate theory ([69], [82]). Giurgiutiu [23] developed a two-
dimensional (2D) plane strain model based on the integral transform techniques and
the Lamb wave equations. Raghavan and Cesnik presented a model based on three-
dimensional (3D) linear elasticity for arbitrarily shaped piezoceramic transducers
[63] and for AFCs/MFCs [64] and compared it with experimental results. Earlier
works dealing with modelling AFC/MFC in a relatively low frequency range are
presented by, e.g., Schulz et al. [72].

Giurgiutiu’s 2D closed form solution for piezoceramic transducers assumes har-
monic excitation with shear stresses on the surface of the plate concentrated at
either end of the transducer and with opposite sign [23]. This consideration should
be valid for the AFC in its fiber direction. The contributions from the symmetric
modes to the IP surface displacement, u?, at a distance z from the center of the
transducer are given by

A0 sin(ksl) Ng(ks)
S H = — a 02 : 2 i(kgz—wt) 1
S
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where o is the amplitude of the excitation, u is the Lamé constant of the plate, kg
is the wave number of the corresponding S mode, and the term Ng/DY describes the
Lamb waves in the plate. It can be seen from the term sin(ks%) that the excited
Lamb waves show maximal amplitudes at frequencies where the transducer length
is equal to odd multiples of half the length of the wave propagating in the plate.
For even multiples, on the other hand, the amplitudes are minimal at corresponding
frequencies. Thus, the frequencies of minima and maxima depend on the length of
the transducer and the wave characteristic of the plate. Due to the different phase
velocity and, therefore, different wavelength, maxima and minima occur at different
frequencies for the Sy and Ay mode for a given transducer length. By choosing a
specific transducer length, it seems feasible to generate one single mode preferably
(so called Lamb wave tuning). This is desirable in order to develop a monitoring
system as simple as possible since damage detection with Lamb waves can be very
complex due to mode conversion phenomena ([39], [41]).

Raghavan and Cesnik [64] modeled the AFC/MFC as causing surface shear
stresses concentrated at the ends of the fibers and uniformly distributed along the
width of the transducer. The contributions of the symmetric modes to the IP com-
ponent of the surface displacement oriented perpendicular to the fiber direction of
the AFC, uf , can approximately be given for the far field as a function of the dis-
tance r from the center of the transducer and of the angle ¢ from the fiber direction
by

—40’0 2T MS k’s
Z ]{75’7" DSHD

( r,p,t) cosgp

sm(k57 sin ) sm(k55 cos ) elthsmHm/a=wt) (3.2)

The term with the root describes the attenuation of the waves due to the circular

radiation within the plate and indicates that the wave field tends to be circular
crested in the far field. The following term describes the Lamb wave modes as
well as the SH modes which are also excited by an AFC/MFC. The next three
factors define the dependence of the surface displacements from the angle ¢ and
the geometry of the transducer. Further, Raghavan and Cesnik [64] reported the so
called shear lag effects (as primarly described by Crawley and de Luis [15]) wherein
the force transfer occurs over a finite length close to the edge instead of exactly
at the edge. They attribute differences between the analytical and experimental
results to the use of uncoupled transducer-structure dynamics for their model. The
application of the proposed analysis to cylindrical coordinates enables describing the
behavior of circular transducers with IDE in tangential direction |70].

In order to account for the electro-mechanical behavior of the piezoelectric el-
ement and the transducer-structure interaction Moulin et al. [51] described a 2D
model in which they couple the normal mode expansion method with the finite
element method for obtaining the stresses applied to the structure caused by the
piezoceramic transducer. They extended it in a later work to a pseudo-3D mod-
elling for finite transducer dimensions [52]. Veidt et al. 81| proposed a theoretical-
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experimental hybrid approach for characterizing the coupled transfer behavior of
surface bonded piezoceramic transducers. The theoretical part based on Mindlin
plate theory concerns the wave propagation (only the Ag Lamb wave mode was con-
sidered) in the structure, while a laser interferometer is employed as a non-contact
receiver to experimentally characterize the electro-mechanical transfer function of
the piezoelectric transducer. They extended their approach to describe the overall
input-output behavior of a SHM system with piezoceramic transducers as emitter
and receiver [45].

For analytical solutions of thin piezoelectric transducers used as sensors for Lamb
waves the influence of the transducer on the wave propagating in the structure is
generally neglected. This is reasonable if the stiffness (elastic modulus times thick-
ness) of the transducer is much smaller than that of the plate and if the transducer
is of small size (e.g., [64]). For the AFC and aluminum plate as used for this work,
these two conditions are not necessarily fulfilled. If the transducer itself is neglected,
the response of the transducer can be related to the strain field on the surface of
the plate given by the incident wave and averaged over the area of the sensor. De-
pending on whether the electric circuit of the measurement system is assumed as a
short-circuit or an open-circuit, the electric voltage can be derived from the charges
accumulated at the electrodes ([64] for MFC/AFC) or by the integration of the elec-
tric field within the transducer ([47] for MFC), respectively. For both solutions the
constitutive relations for piezoelectric material are needed. According to the work
of Matt [47] the electric voltage V* caused by an Sy mode propagating in the plate
in a direction at an angle ¢ from the fiber direction of the MFC can be written as

Vo = % Sin(k/‘s% sin ) Sin(l{/‘g% cos ) (3.3)
The factor Sy rc contains the constitutive relations of the MFC as well as the
conversion of the surface strains from the propagation direction to the axes of the
MFC. Further, Ag describes the surface strains of the symmetric Lamb waves and
A corresponds to the area of the electrodes. The factors which define the influence
of the geometric dimensions of the transducer on the electric voltage are similar to
those within the solution for the emitter (see Eq. (3.2)).

The works of Raghavan and Cesnik [62| and of Matt and Lanza di Scalea ([38],
[48]) present interesting results for the behavior of piezoceramic transducers used
for Lamb wave detection. Both stated that the electric voltage response increases
with decreasing sensor dimensions. This seems reasonable because the sensor rep-
resents an ideal strain sensor if its dimensions are much smaller than the length
of the waves. This is true in general for infinitesimal sensor dimensions but also
for decreasing frequencies and thus asymptotically increasing wavelength if sensors
with finite dimensions are used. Theoretically, the response is maximal if the fre-
quency tends toward zero, which is contrary to the emitter where the amplitudes
of the emitted waves tend toward zero. As soon as the sensor is larger than a half
wavelength, tuning effects as described by Giurgiutiu [23| for the emitter take place
and reduce the sensor response and lead to maxima and minima in the transfer
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behavior. Although the transfer behavior of the emitter differs from the response of
the receiver, elastodynamic reciprocity conditions are valid [38]. A transducer used
as emitter and electrically excited with a specific voltage signal will generally excite
multiple modes propagating in the structure. The response of the same transducer
used as receiver to an incoming wave field consisting of the same multiple modes
would be equal to the specific voltage signal used for excitation.

Numerical Modelling

Numerical approaches allow for taking into account the coupled electro-mechanical
nature of piezoelectric transducers and mechanical interaction between the trans-
ducer and the structure. This is important for a quantitative characterization and
the practical design of AFC used in SHM systems and for understanding the details
of signals measured with AFC. For the simulation of wave propagation phenomena
the most common methods are the finite integration technique (FIT, [19], [71]),
the finite element method (FEM, [7]) and the finite-difference time domain method
(FDTD, [36]). An overview on additional methods and on recent numerical works
on wave propagation for NDT is presented in [40]. Only a few publications investi-
gate the Lamb wave propagation caused by piezoelectric transducers including the
electro-mechanical coupling of the piezoelectric material ([46], [51], [65]). Greve et
al. [28] and Nieuwenhuis et al. [54] compared Giurgiutiu’s model [23] to finite ele-
ment simulations of surface bonded piezoceramic transducers. They found that the
frequencies for minima and maxima in the transfer function of the emitter occur at
slightly lower frequencies as predicted theoretically. Furthermore, they investigated
the response of the piezoceramic transducers to piezo-actuated waves and the results
confirmed that the sensor behavior is different to that of the actuator. In most nu-
merical investigations of wave propagation phenomena, the piezoelectric receiver is
neglected and a representative value is considered, e.g., surface displacements, since
the simulations with electro-mechanical coupling are time consuming. Numerical
(and also analytical) investigations of surface bonded AFC/MFC used as emitter
and receiver of transient waves and with the consideration of the electro-mechanical
coupling have not been reported in the literature to the best knowledge of the author.

Due to the importance of including the electro-mechanical coupling and the
transducer-structure interaction and due to the complex design of the AFC a numer-
ical approach is best suited. For the work presented here, the 3D problem is divided
into a 2D (including electro-mechanical coupling) and a 3D consideration (without
electro-mechanical coupling) due to the limitation of the computational power. But
the comparison with experimental results shows that the proposed approach is ap-
propriate for the characterization of the AFC. For this work, the FDTD method was
used due to its simplicity of applying it to the complex electro-mechanical governing
equations and to the rectangular geometry of the considered system and due to the
extensive knowledge and experience at the Institute of Mechanical Systems (e.g.,
[20], [29], [43]).
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Experimental Investigations

Experimental investigations of Lamb wave propagation for damage detection/SHM
abound in the literature. As proposed by Veidt et al. for the experimental inves-
tigation of the transfer behavior of piezoceramic transducers [81], single point laser
interferometry for non-contact measurement of the propagating waves is used for
the work presented here. The use of additional optical elements allows to measure
all three components of the velocity vector at specific measurement points, which is
required for obtaining all present wave modes. The principles of the measurement
method used here has been developed over the years at the Institute of Mechanical
Systems (e.g., [29], [43]). An overview on laser based Lamb wave detection methods
is given in [76].

3.1.3 Transfer Function and Coherence

The transfer function H(f), also called frequency response function, relates the input
x(t) and the output y(t) of a linear system and is defined in the frequency domain

as (8
=g,

where G, is the auto-spectrum density function and G, is the cross-spectrum
density function given by

(3.4)

Gw = ZIX(f)- X (35)
Gay = 2 V() - X (3.6

for a finite record length 7. X (f) and Y (f) represent the Fourier transforms of the
input x(t) and the output y(t), respectively, and X describes the complex conjugate
of X. Thus, the transfer function H(f) describes the answer of the system to an
unit excitation in the frequency domain.

If z(t) and y(t) are measured experimentally, noise is present in the signal and
the density function and so the transfer function can only be estimated. In order
to reduce the random errors, the measurements are repeated n times by assuming
that the single experiment is independently repeatable. This allows for obtaining
"smooth” estimates G [8] of the density functions given by

~ 2
Tr = n_T — XZ(f) Xz(f) (3-7)
~ 2 <
%=ﬁ;mﬂ&m (38)
The transfer function is then estimated by
. Gy
A = 2 (39



The frequency spectra X;(f) of each input signal and Y;(f) of each output signal
can be calculated with conventional fast Fourier transform (FFT) techniques.

To obtain the frequency range, where the output correlates to the input signal,
the coherence function v and the confidence interval s of the transfer function can
be estimated as 4 and §, respectively, following |§|

2,00 = = a0 (3.10)
! Gm(f) ) ny<f)
P = g Pancaa = 0)- 220 (3.11)

where Fj,, 2, is the a percentage point for the F' distribution function for 2 and
m — 2 degrees of freedom, where m is equal to two times the number of repeated
measurements n. The coherence is equal to one for all frequencies, if n = 1 or if
there are no random errors like noise within the measurement. This is the case for
the simulations presented in this work and thus, the coherence analysis is performed
only for the experiments.

3.2 Procedure for Simulations and Experiments

Since the transfer function is used for the characterization of the AFC in general,
the procedure for its determination as explained in this section is similar for both
the numerical and the experimental investigation. For simplification and better
identification, simulations and experiments are named with an abbreviation and the
reader is referred to Tab. B.1 in App. B, where all geometric parameters are listed
in detail. An overview of excitation and measurement positions and an overview of
the used excitation signals with their parameters are also presented in App. B

3.2.1 Data Acquisition

Depending whether the AFC is used as emitter or receiver, the input and output
signals of the system are defined differently. The definitions as used for both, the
simulated and the experimentally estimated transfer functions, are listed in Tab. 3.1.

For the AFC as emitter, the output signal (surface velocity) was recorded at
several points around the AFC but at a constant distance. For each point, the
transfer function is different. However, by looking at all transfer functions in the
same diagram, the radiation can be captured as a function of the frequency. Here,
it is assumed that the wave field tends to be circular crested in the far field [64], i.e.
in a distance of several wavelengths. For the AFC as receiver, waves were excited at
several points around the AFC, i.e. the angle between the front of the incident wave
and the fiber direction of the AFC and therefore the output signal changed. Again,
this resulted in several transfer functions which allows to characterize the sensitivity
as a function of the frequency and direction of the incident wave. The distance
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AFC as emitter AFC as receiver

Input electrical excitation signal sent undisturbed surface velocity of
to the AFC an incident wave mode at the
position of the AFC

Output surface velocity of the excited voltage signal measured with
wave mode at specific points the AFC corresponding to the
around the AFC incident wave mode

Table 3.1: Definition of input and output signals for the determination of the transfer
function. The IP or the OoP component of the surface velocity was used for the
transfer function of the Sy or the Ay mode, respectively.

between excitation point and AFC of several wavelengths allows for assuming plane
waves which arrive at the AFC.

It is important to mention that the different wave modes of a plate are not
generated directly by the AFC or other transducers. Going into more detail, the
transducer just transfers mechanical stresses to the surface of the plate, where elastic
bulk waves are excited. After some reflections and mode conversions at the free sur-
faces of the plate, the modes are more and more developed. Therefore, it is necessary
to measure the waves or the output of the system, respectively, at some distances
from the source. Hence, the transfer function for the emitter as defined above not
only includes the AFC-structure interaction but also the propagation characteristics
of the plate, in particular the geometric and material damping between the source
and the measurement point. This implies that by changing the distance between
the AFC and the measurement point where the surface velocity is obtained, the
amplitudes of the transfer function change too. This is different for the case of the
AFC as receiver. Here, the input signal is defined as the velocity obtained at the
plate surface just at the point where the center of the AFC would be, i.e. it describes
the undisturbed wave as if no AFC would be present. The transfer function for the
receiver includes again the influences of the AFC-structure interaction. However,
by measuring the incident wave and by using the signal as the input of the system,
the resulting transfer function does neither depend on the transfer behavior of the
transducer used for exciting the waves nor on the distance between the transducer
and the AFC.

Contrary to the simulations (see Sec. 3.3.6 for details), it was not possible in the
experimental investigations to remove the bonded AFC from the plate for measuring
the undisturbed wave. However, beside the assumption of complete isotropy of the
aluminum plate, it was assumed that the applied piezoceramic disc transducers (see
Sec. 3.4.1 for details) excited the waves with almost perfect rotation symmetry. This
assumption was additionally controlled with measurements around the disc trans-
ducers. Due to the rotation symmetry of the wave field, the undisturbed wave can be
measured in any direction as long as the distance was equal to the distance between
the disc transducer and the AFC and as reflections from the plate boundaries did
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not affect the wave packet of interest. Fig. 3.1 schematically shows the arrangement
of the AFC, disc transducers, and the measurement points. A cylindrical coordinate
system (r, ¢, x) with the origin at the center of the plate and AFC is introduced.
The angle ¢ starts at a line through the origin in the direction of the fibers of the
AFC. It is mentioned here that for the measurement of the undisturbed wave ex-
cited by, e.g., the transducer located at (r, ¢) = (200, 45°), the transducers located
between 0° and 45° have been removed.

4 ry 7 Piezo 0°
Measurement
point for 0°

200 mm
‘ 100 mm A
(Il Al;C . . 20 o AFC
Measurement i iber direction iFiber direction
points
Plate Plate

Figure 3.1: Schematic arrangement (not to scale, dimensions in [mm]) of the AFC,
piezoceramic transducers, and measurement points for the investigation of the AFC
used as emitter (left) and receiver (right). The z-axis of the cylindrical coordinate
system (r, ¢, x) is perpendicular to r and ¢.

3.2.2 Separation of the Wave Modes

For the determination of the transfer function for both fundamental Lamb wave
modes, it is necessary to identify each mode in the total wave field and to separate
their signals. This was achieved in two ways. First, the waves were excited by a
short-time and narrow band excitation pulse (see next section), which leads to a
physical separation of the excited modes at some distance from the point of exci-
tation due to the different group velocities. The minimal distance depends on the
duration and frequency content of the excitation signal, the latter determines the
group velocity of the wave packets. Second, two components of the surface velocity
were considered. The radial IP component corresponding to the Sy wave packet was
used for the transfer function of the Sy mode since the displacements of a surface
particle are almost in the plane (see Fig. 2.2). The transfer function for the Ay
mode, however, was determined with the OoP component corresponding to the Ag
wave packet because the largest surface displacements are normal to the plate.
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3.2.3 [Excitation Signals

When choosing the duration and frequency content of the excitation signal and also
the positions of excitation and measurement points, the dispersive character of the
A mode and possible reflections at the free boundaries of the plate must be taken
into account to achieve a proper separation (see [85], [86]). Due to the limitations
given by the available computational hardware (see also Sec. 3.3.5) the geometric
dimensions of the aluminum plate were not identical for the simulation and the
experiment. Hence, different excitation signals were required for the simulation
and the experiment. In order to reduce the effects of the dispersion of the Ay
mode and to achieve the separation, the short-time excitation signal should have a
relatively narrow frequency content. This can be achieved with two different types
of signals: a sinusoidal tone burst and a linear frequency sweep, both modulated
with a Hanning window. For simplification, the first is just called tone burst signal,
the second just linear sweep. The use of a linear sweep which starts with the lower
frequency has the advantage that the Ay mode pulse is contracted in time when
arriving at the measurement point due to the dispersion — the waves with lower
frequencies propagate slower than those with higher frequencies. Another reason
for using a linear sweep is the energy, which is distributed between the two limiting
frequencies, while for the tone burst signal the energy is concentrated around the
center frequency. Thus, the use of the linear sweep resulted in a better signal-to-noise
ratio over its frequency range which improved the coherence within the experiments.
However, the linear sweep was used only for the experimental investigation of the
AFC as emitter, while for all simulations and the experiments for the AFC as receiver
tone burst signals were applied. For determining the transfer function over the total
frequency range of interest, several excitation signals with overlapping frequency
content were needed, otherwise a proper separation of the wave modes could not be
achieved. The entire frequency range was chosen from around 20 kHz up to 600 kHz
and 800 kHz for the simulations and experiments, respectively, which is a reasonable
range for SHM with the guided wave based method.

3.2.4 Data Handling

A Tukey window (often called a cosine-tapered window, see [31]) was superposed
on the input and output signal for extracting the wave packet of interest. This
was necessary to neglect the influence of the other wave modes and of reflections.
By choosing the parameters for the time window it had to be ensured that the
wave packet of interest was not affected. Fig. 3.2 shows typical time signals and
window functions for the determination of the Sy transfer function for both the
AFC as emitter (left diagrams) and receiver (right diagrams). No window was used
for the excitation or input signal, respectively, when the AFC was used as emitter,
since the signal was already modulated with a Hanning window. For the case of
the AFC as receiver, identical windows were applied for both the input and output
signal for determining the transfer function. After the multiplication of the time
signals with the window functions, the transfer function was calculated as described
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Figure 3.2: Example of typical input (upper diagrams) and output signals (lower
diagrams) for the determination of the Sy transfer function of the AFC used as
emitter (left) and receiver (right): original signals (black) and signals (red) after
modulation with a time window (gray).

above in Sec. 3.1.3 for both the simulated and experimentally recorded data. By
applying the FFT to the time signals (data sets), the resolution in the frequency
domain is defined by the number of data points and the sampling rate. Since both
parameters were not equal for all data sets, the resolution varied which would yield
confusing diagrams if more than one transfer function is depicted. Thus, the FFTs
were performed with a constant number of data points much higher than that of
the recorded data sets, namely with 2'¢ and 2'® points for the experiments and the
simulation, respectively. For this so called zero padding [32], the additional data
points were set to zero. The frequency resolution was reduced to 152 Hz and 381 Hz
for the experiment and simulation, respectively, and the transfer functions appeared
as curves which enabled a better identification of individual transfer functions.
Exciting the system (AFC and plate) with several excitation signals results in a
respective number of single transfer functions, where each is only valid in the relevant
frequency range. The overall transfer function was then determined by compounding
the single transfer functions. For the overall transfer function it does not matter
which excitation signal was used since the behavior of the system is assumed to be
linear within the range of frequencies and amplitudes as used here. The relevant
frequency range within the simulation would be equal to the frequency content of the
particular excitation signal since there is no noise. However, not the whole frequency
range was considered, i.e. frequencies with low amplitudes in the Fourier spectrum of
the excitation signal were not taken into account. The relevant frequency range for
the experimentally estimated transfer function for the AFC as emitter was related to
the range for which the coherence was higher than 0.95 (an example will be given in
Sec. 3.4.3). Due to poor signal-to-noise ratio for a few measurements, the frequency
ranges for some particular transfer functions were extended to the range where the
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coherence was higher than 0.8 (see Fig. C.2). For the investigation of the AFC as
receiver, where tone bursts were used for excitation, the frequency range was set to
a fixed range around the center frequency (see Tab. B.3). All signal processing was
carried out with MATLAB® routines.

3.3 Numerical Modelling

3.3.1 Approach

The wave propagation in the aluminum plate and the transfer behavior of the AFC
surface bonded to the plate were investigated in two different numerical models (see
also Fig. 3.3):

e A two-dimensional (2D) model simulates the wave propagation in a cross sec-
tion through the AFC and the plate at the plane of symmetry in fiber direction
of the AFC. It corresponds to a state of plane strain. The model takes the
electro-mechanical coupling of the piezoelectric material into account which
allows for simulating the emitter and receiver behavior of the AFC. For the
investigation of the AFC as emitter, the excitation was achieved by apply-
ing an electric potential to the electrodes of the AFC. If the AFC is used as
receiver, external mechanical loadings were applied for exciting waves which
then propagated in the plate.

e A three-dimensional (3D) model then considers only the structure itself but
allows for investigating the wave propagation in any direction. The 3D model
was used only for the investigation of the AFC as emitter. The excitation was
achieved by applying mechanical stresses at the surface of the plate for that
area which corresponded to the active area of the AFC. The stresses were taken
as the interfacial stresses between the AFC and the plate and were calculated
and recorded in the 2D model.

The following description from Sec. 3.3.2 to 3.3.4 refers to the 2D model which
includes the piezoelectric element with the electro-mechanical coupling. However,
the governing equations in Sec. 3.3.3 are presented generally in 3D. The numerical
algorithm for the 3D model is exactly the same as for the aluminum plate in the
2D model. The plate in the 3D model is described with the fully 3D equations of
elasticity. In Sec. 3.3.5 the combination of the 2D and 3D model is then described.
All simulations were carried out with MATLAB®.

3.3.2 Assumptions

Since the present wavelengths are much larger than the dimensions of the IDE,
the complex electrode design of the AFC can be simplified in the 2D model with
respect to simulating similar global deformations within the AFC with and without
IDE. Therefore, the two electrodes are set on the front side of the piezoelectric
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Figure 3.3: Schematics (not to scale) of a) a quarter of the surface bonded AFC and
the aluminum plate with respect to the symmetries and a detail of the electric field
within the AFC, b) the 2D model with a detail of the electric field as assumed for
the simulation, and c) the 3D model with the area where the stress distribution for
the excitation is applied (see Sec. 3.3.5 for details).
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element (see Fig. 3.3). The length of the modeled AFC and, hence, the electrode
spacing, corresponds to the active length [, of the AFC in the experiment. The
different spacing ¢ between the electrodes in the simulation and the experiment
leads to a different ratio of the electric field F/ within the piezoelectric material and
the electric voltage V' at the electrodes (V = FE - ¢q). However, for a quantitative
comparison of the simulation with the experiment, the electric field has to be equal
for both. Consequently, the electric voltage within the simulation has to be adjusted
as follows. If the AFC is simulated as an emitter, the voltage for excitation has to
be multiplied by the factor & = gsim/qrpE, Where qgm = % (only the half of the
active length due to the symmetry) and ¢;pg corresponds to the spacing between
two fingers of the IDE (0.9 mm for the standard design). For the AFC as receiver,
the electric field as calculated in the simulation corresponds to that obtained within
the experiment. Therefore, the simulated electric voltage at the electrodes has to
be divided by & = ¢%,./apE, where ¢, = l.. It is mentioned in advance that
the model is linear since all equations used are linear. This allows for performing
a simulation with an excitation with a normalized amplitude and multiplying the
results afterwords by the required factor.

The AFC in the model is assumed to be homogeneous. This seems reasonable,
since the present wavelengths are much larger than the dimensions of the electrodes
and the cross section of the fibers. The material is linear and transversely-isotropic in
the elastic, dielectric and piezoelectric parameters since the Kapton foil is neglected.
The properties are chosen similar to the global properties as listed in Tab. 2.1 on
page 18. The aluminum plate is assumed to be linear elastic, isotropic and ho-
mogeneous (elastic modulus E = 68.9 GPa, Poisson’s ratio v = 0.33, density p =
2700 kg/m?, according to the plate used for the experimental investigations).

The coupling between the piezoelectric element and the structure is assumed to
be ideal without the presence of any bonding layer. This is reasonable since the
layer is thin compared to the thickness of the AFC and the matrix of the AFC and
the adhesive consist both of epoxy resin. Energy dissipation in the piezoelectric
material and in the aluminum is neglected. Symmetries are taken into account for
the simulation of the AFC as emitter to reduce the simulation time. There are no
symmetries for the case of the AFC as receiver.

3.3.3 Governing Equations

To fully describe the dynamical behavior of a linear elastic material, the equation
of motion, the kinematic and the constitutive relations are needed. Due to the
rectangular form of the AFC a cartesian coordinate system is introduced for both
the 2D and 3D model. The z-axis is normal to the plane of the plate and the z-
axis is aligned along the fiber direction of the AFC. The origin is on the interface
AFC-plate in the center of the AFC (see Fig. 3.3).

By neglecting external body forces, the stress equations of motion are given as:
p-u=V-.o (3.12)
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where p is the density, u the displacement vector and o the stress tensor (see also
Sec. 2.4.1). The stresses o and the strains € are related by the linear kinematic
relations

e=L-u (3.13)
where £ is a matrix of spatial derivative operators given as
r0
5. 0 0
0 & 0
o o 2
c=| o 1o % (3.14)
29z 5%
19 g 19
1% 10 207
| 20y 20z ]
The constitutive relations for piezoelectric material (see Eq. 2.4 and 2.5) are
oc=CP.e—¢e E
D=e-e+e-E
and for non-piezoelectric material are
c=C-¢€ (3.15)
The stiffness tensor C for isotropic, linear elastic material is given as
[\ +2u A A 0 0 0]
A A+ 2u A 0 0 O
B A A A+2u 0 0 O
C= 0 0 0 L0 0 (3.16)
0 0 0 0 u O
| 0 0 0 00 p |

where A and p are the Lamé constants.
Due to the coupling of electrical and mechanical fields, two other equations for
the piezoelectric material must be satisfied. First, the divergence of the electric

displacement D must vanish
V-D=0 (3.17)

since there are no free charges within the piezoelectric element [66]. Second, the
quasi static potential equation

E=-Vo (3.18)

where E is the electric field vector and ® the electric potential (scalar field), is
valid, because the electric waves propagate by a factor of 10* to 10° faster than the
mechanical waves [66].

Beside the governing equations boundary conditions must be satisfied. It is
assumed that the model is surrounded by vacuum. This leads to the following
mechanical boundary conditions which must be fulfilled for all times. The indices
'n’ and 't’ define the normal direction to the corresponding surface and the tangential
direction, respectively, i.e. in the 3D model the t-direction is associated with two
tangential directions perpendicular to each other:
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e free boundary conditions

Onn =

e = 0 (3.19)
e symmetry conditions

Up =

e = 0 (3.20)

e interfacial conditions

UéFC — uﬁlate

U?FC — uflate

O,AFC’ —_ O,Plate (321>
nn nn

O.AFC — O.Plate

If the AFC is used as receiver, external mechanical stresses are applied on one
edge of the aluminum plate to excite plane propagating wave modes:

e conditions for exciting a Sy mode

o O-(t) 1f t < texcz’tation
T =0 else (3.22)
Ont — 0

where o(t) corresponds to the excitation.
e conditions for exciting an Ay mode
Opn = 0

o _ O-(t) lf t < te:pcitation (323)
nt 0 else

where o(t) corresponds to the excitation.

For the piezoelectric material electrical boundary conditions are additionally
needed to get the complete solution. These conditions depend on whether the AFC
is used as emitter or as receiver. For the latter, an electrical open-circuit is assumed:

e clectrically free boundary conditions, where no electrode is defined

D, =0 (3.24)

e symmetry conditions needed for the AFC as emitter or electrically grounded
electrode needed for the AFC as receiver (left electrode of the AFC in Fig. 3.3)

=0 (3.25)
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e clectrical excitation at the electrode needed for AFC as emitter (right elec-
trode)

QS t if ¢ < teacci ation
o= { 0( ) e (3.26)

where ¢(t) is the excitation signal.
e equipotential condition at the right electrode needed for AFC as receiver

® = constant
fA D, -dA =0 (3.27)
where A is the area of the electrode.

At last, the initial conditions for the entire piezo element and the aluminum plate
are set as

e
u(t)|,_y =

i (3.28)
O(t)l—p =0

Due to the plane strain state assumed for the 2D model, all terms with (...),
and a%(‘ ..) can be set to zero.

3.3.4 Numerical Implementation

The principle of the FDTD method is to approximate the partial derivatives of
the above mentioned equations with central finite differences. For this, the spatial
continuum is discretized into a grid with cells of the dimension Az, Ay and Az.
Further, the time continuum is divided into time steps At. A staggered grid is used
for the spatial domain. In other words, the derivative of a variable is set halfway
between the two grid points where the variable itself is defined. An allocation of
the variables as shown in Fig. 3.4 follows. If a variable is needed between two grid
points, its value has to be averaged. In the time domain, however, a staggered grid
is not required for a stable algorithm [30]. The governing equations and boundary
conditions have to be fulfilled in each grid cell and for each time step which leads
to a number of linear equations equal to the number of the degrees of freedom.

The finite differences for the approximation of the first and second derivatives
can be derived with the help of the Taylor expansions with an error of second order.
This will lead to a second order accurate algorithm in space and time. Hence, the
approximated derivatives of a function f(s) at s = sq are given for a staggered grid
as

af(s) _ J(so+As/2) — f(so — As/2) 2
o L As + O(As*) (3.29)
and
d*f(s) _ f(so+As) =2 f(so) + f(s0 — As) 2
52 . = N + O(As?) (3.30)
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Figure 3.4: Allocation of the displacement, stress, and electrical components on a
staggered grid for the piezoelectric element within the 2D model. The depicted sec-
tion corresponds to the left upper corner of the cross section through the piezoelectric
element.

It has to be mentioned that Eq. (3.30) is valid whether the grid is staggered or not.
A consequence of the use of a staggered grid is the introduction of so called ghost
points. These points are placed outside the geometric boundary of the element in a
distance of half of the cell size. They help to fulfill the boundary conditions and are,
hence, only needed for variables, which are not directly located on the boundary.
A more detailed description of the discretization and the order of accuracy of the
algorithm can be found in the work of Gsell [29] and Leutenegger [43], respectively.

For both the 2D and 3D model the algorithm (see Fig. 3.5) starts with the
definition of all required parameters, the initialization of the variables and the dis-
cretization of the structure. After the stability check (see page 38) the time loop is
carried out wherein all time dependent variables are calculated for each time step.

The time loop starts with the calculation of the electric potential within the
piezoelectric material. For it, Eq. (3.18) and (3.13) are substituted into the con-
stitutive relation Eq. (2.5) before Eq. (3.17) is applied. This leads to a Poisson’s
equation for the electric potential ¢. The substitution of the partial derivatives
according to Eq. (3.29) and (3.30) yields an implicit linear system of equation of the
form

A-d=b (3.31)

The time invariant Matrix A depends only on the dimensions, material parameters
and the mechanical and electrical boundary conditions of the piezoelectric element,
the latter differs depending on whether the element is used as emitter or receiver.
The size of the matrix A is m x m, where m is equal to the product of the numbers
of grid points along the length and thickness of the AFC. For simple geometries A is
well-conditioned and Eq. (3.31) can be solved by a matrix inversion, which must be
calculated only once at the beginning of the simulation. The vector d represents the
electric potential to be solved for. The vector b then contains material parameters,
boundary conditions and the actual displacement field u within the element. It
contains also the given electric potential at the electrodes if the AFC is used as

36



Definitions
Initialization
Discretization

v

Stability check End

v

» Calculation of A

< t<tsim

A
Calculation of ¢
Boundary ¢
conditions

Y

Update
. U(to-dt) = U(to)
Calculation of ¢ u(to) = u(to+dt)
¢ t=to +dt
A

A

A

Calculation of u

Figure 3.5: Diagram of the major steps of the algorithm for the 2D model with
consideration of the electro-mechanical coupling within the piezoelectric material.

emitter (Eq. (3.26)). For fulfilling the equipotential boundary condition (Eq. (3.27))
when the AFC is used as receiver, the dielectric displacements D, on the boundary
are needed. This is achieved by a linear extrapolation in z-direction with the values
at the two inner points where D, is defined (see Fig. 3.4). Special attention is also
needed for fulfilling the interfacial conditions between the piezoelectric element and
the aluminum plate to guarantee the correct coupling.

The next step in the algorithm is the computation of the mechanical stress
components of the piezoelectric element in terms of the actual displacements and
the electric potential. From Eq. (3.13) and Eq. (2.4) an explicit linear equation is
obtained as

oc=CP.L.ute VO (3.32)

The mechanical stress components of the aluminum plate are derived from Eq. (3.13)
and (3.15) as

c=C-L-u (3.33)

By substituting the partial derivatives with the central differences and by apply-
ing the mechanical boundary conditions, which include the coupling between the
piezoelectric element and the plate, all stress components within each grid cell are
determined. If the AFC is used as receiver, the mechanical boundary conditions for
one edge of the plate contains the external mechanical stresses used for exciting the
required wave mode (see Eq. (3.22) and (3.23)).

The discretized equation of motion, Eq. (3.12) for both the piezoelectric element
and the plate, can then be solved for the displacements at the time t = ¢ty + At in
terms of the actual displacements (t = t¢), the old displacements (¢ = t, — At) and
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the actual stresses.

At the end of the time step, the displacements are updated for the next time
step as depicted in Fig. 3.5. The loop stops as soon as the given duration of the
simulation is reached.

The stability check contains two criteria for the discretization parameters in
space (Az, Ay and Az) and time (At) which must be satisfied in order to guaran-
tee accurate solutions and numerical stability of the algorithm. First, there must
be enough spatial grid cells within the shortest wavelength A, appearing in the
simulation. A commonly used value for a sufficient spatial sampling rate is given by

>\min
> 8 3.34
maz(Azx, Ay, Az) — (3:34)

The shortest wavelength is obtained within the piezoelectric material. It is derived
from Anin = Cmin/ frmaz, With ¢pin = /min(c;;)/p as the minimal phase velocity
calculated with the smallest component ¢;; (with ij = 11, 33, 44, 66) of the stiffness
tensor C¥ and with f,q. as the highest frequency within the simulation. It was
obtained from simulations that for a stable algorithm the sampling rate has to
be increased to more than twenty grid points per minimal wavelength, which is
recommended also in the literature (see [29]). One reason for it is the numerical
dispersion, a spatial aliasing error which causes phase and group velocities to become
functions of the discretization parameters [43]. Another reason is the insufficient
number of grid points over the relatively small thickness of the AFC when Eq. (3.34)
is applied. The grid size in the 3D model can be enlarged due to the absence of the
piezoelectric material. The phase velocity ¢ of the shear bulk wave in the aluminum
is used here for calculating the minimal wavelength. Again, more than twenty grid
points per minimal wavelength are chosen. For all simulations presented in this
work the spatial discretization parameters are set to Az = Az = 0.05 mm for the
2D model (AFC and plate) and Az = Ay = Az = 0.2 mm for the 3D model.

The second criterion concerns the time step At. The time step has to be smaller
than the time needed by the physical wave to propagate from one grid point to the
next. For cartesian coordinates the criterion is derived by [19] as

1
At < (3.35)

1 1 1
Crmazx * \/AwQ + Ay? + A2

where ¢4, 18 equal to the phase velocity ¢; of the dilatational bulk wave in alu-
minum. It can be seen that by decreasing the spatial discretization for obtaining a
more accurate algorithm, the temporal discretization has to be decreased too, which
results in an extension of the time needed for computing. The time step was set to
5 ns and 10 ns for the 2D and the 3D simulations, respectively.

A possibility to test the accuracy of the algorithm is to observe the total energy
during the simulation. Since any energy dissipation and radiation into surroundings
is neglected in the model, the total energy must remain constant with time after
excitation. The total energy for non-piezoelectric material is the sum of the kinetic
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and potential energy densities integrated over the entire volume of the structure.
For piezoelectric material it is more complex due to the coupling of mechanical and
electrical energy and the augmentation of the potential energy by the presence of
piezoelectricity [66]. For the simulations presented here, the total energy is computed
only for the aluminum plate (see example in Sec. 3.3.6). However, this is sufficient
because of the coupling of the piezoelectric element with the aluminum plate: an
augmentation, e.g., of the total energy of the piezoelectric element would have an
influence on the total energy of the plate since the energy would be radiated into
the plate and thus would indicate instability.

3.3.5 Combination of the 2D and 3D Model

As mentioned in Sec. 3.3.1 the 3D model depicts only the aluminum plate and the
piezoelectric element is neglected. One reason why the AFC is not modelled in 3D
is the huge number of grid cells needed. Due to the discretization criteria mentioned
in the former section and the small thickness of the AFC, a very fine grid would be
necessary. With the relatively large length and width of the AFC the number of
cells and, in particular, the inversion of the matrix A needed for the calculation of
the electric potential would exceed the limit given by the available computational
hardware.

To achieve an excitation of the 3D model which corresponds to the excitation
by the AFC, the interfacial normal stresses o,, and shear stresses o,, between the
AFC and the plate as obtained within the 2D simulations are used. The stresses
are recorded and saved during the 2D simulations, thus the 3D simulations can be
performed consecutively. The time dependent stress distributions are applied at the
surface of the plate for the entire area, which corresponds to the active area of the
AFC. It is assumed that the presence of the two edges of the AFC parallel to the
z-direction has only a small influence on these stress distributions in the y-direction.
Hence, the stresses are constant in this direction. Further, it is assumed that the
shear stresses o,, perpendicular to the fiber direction can be neglected. This seems
appropriate due to the presence of the epoxy matrix between the piezoelectric fibers,
which are aligned in the z-direction.

The cell size for the 3D model can be enlarged compared to the 2D model since
the discretization criteria are still fulfilled for the aluminum. This helps to reduce the
number of grid cells or enables to simulate larger structures. Changing the cell size
requires an adaption of the discrete interfacial stress distributions in order to fulfill
the equilibrium of the forces. This can be handled by multiplying the interfacial
stress components from the 2D simulation with the 2D cell size, building the sum
over the length of a 3D cell, and dividing it through the length of the 3D cell. This
also guarantees that extreme peaks, particularly at the edge of the piezoelectric
element, are not lost due to the choice of a wider grid.

Even with the enlargement of the cell size and the consideration of symmetries, it
was not possible to simulate the plate with similar dimensions as used in the exper-
iments due the limited number of cells. Therefore, the length and the width of the
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3D model are reduced compared to the experiment. As a result, the wave field will
be different after reflections occur at the free boundaries of the plate. A possibility
to avoid the unwanted reflections in the simulation would be the implementation
of absorbing boundary conditions. In the present work, such conditions were not
used due to the high effort needed for programming the code in 3D, in particular at
the corners of the plate. Instead, the dimensions of the plate are chosen as large as
possible and adequate excitation signals are applied, which enables obtaining useful
results.

3.3.6 Examples of the Simulations
AFC as Emitter

Within the first example (2DE1-3DEL, see Tab.B.1) the AFC used as emitter had
a thickness of 0.3 mm and an active area with a length of 31 mm and a width
of 20 mm. The Aluminum plate had a thickness of 1 mm, a length of 1,500 mm
and 500 mm in the 2D and 3D model, respectively, and a width of 300 mm (all
dimensions without symmetries). The AFC was placed in the center of the plate.
The material parameters for the AFC are listed in Tab. 2.1.

The excitation was achieved by defining the electric potential at the electrodes
of the AFC in the 2D model. The signal corresponded to a 3.5 cycle sinusoidal tone
burst modulated by a Hanning window with a center frequency of 200 kHz. This
frequency is far below the first cut-off frequencies of higher wave modes, i.e. only
the Sp, Ag and the SHy mode can exist.

The interfacial normal and shear stresses transferred from the AFC to the plate
during excitation as calculated in the 2D model are shown in Fig. 3.6 for one specific
time step. At this time, the AFC is expanded maximally and the shear stresses at the
plate surface transferred from the AFC are in positive z-direction. Simultaneously,
pressure at the edge of the AFC can be obtained due to the bending stiffness of
the expanding AFC. Normal and shear stresses are concentrated as expected at the
edge of the AFC.

The interfacial stresses were then applied at the surface of the plate of the 3D
model for the entire area, which corresponds to the active area of the AFC. Fig. 3.7
qualitatively shows the total displacements u = \/u2 + u2 + u? at the surface of the
plate for several time steps simulated now with the 3D model. By showing the total
displacements, all propagating modes appear and can be identified by looking at
the main direction of the particle velocity at a single point (see Fig. 3.8) and by
comparing the group velocities with the theoretical values. The fastest wave packet
with the largest wavelength is the Sy mode. The direction of the particle velocity
is mainly radial and IP, i.e. in propagation direction, as it can be seen in Fig. 3.8.
The diagonally radiated wave packet corresponds to the SHy mode with tangential
IP velocities. In the y- and z-direction, the SHy mode does not exist because of
the symmetry conditions. In a direction of about 50° from the fiber direction of
the AFC, the amplitudes of the SHy mode are minimal. The reason for this is the
destructive interference of the waves which are mainly excited at either end of the
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Figure 3.6: Interfacial normal (red) and shear (black) stress distributions between
the AFC and the aluminum plate along one half of the AFC length during electrical
voltage excitation (3.5 cycle sinusoidal tone burst, Hanning window, center frequency
of 200 kHz) calculated with the 2D model (2DE1, see Tab. B.1). The stresses are
scaled by the maximal electric field during excitation. At the time ¢ = 11.25 pus, the
AFC is expanded maximally.
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Figure 3.7: Total displacements at the surface of the quarter-plate for different time
steps simulated by the 3D model (2DE1-3DE1). The rectangle at the lower left
corner of the picture at ¢ = 0 us indicates the position and the fiber direction of
a quarter of the AFC used as emitter, where the normal and shear stresses for
excitation were applied. The excitation corresponded to a 3.5-cycle sinusoidal tone
burst in a Hanning window at a center frequency of 200 kHz.
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Figure 3.8: Radial IP (top), tangential IP (middle), and OoP (bottom) surface
velocities at (r, ¢) = (100, 15°) for the 3D simulation (2DE1-3DE1) as shown in
Fig. 3.7.

AFC due to the typical stress distribution. The wave with the smallest wavelength
corresponds then to the Ag mode with mainly OoP velocities. Two Ay mode wave
packets can be seen. This is reasonable since the two wave packets which are mainly
excited at the two ends of the AFC are not completely superposed due to the small
wavelength and the short duration of the excitation. Further, the second Ay wave
packet has larger amplitudes than the first one. On the one hand, the two wave
packets have not to be identical since the first one has travelled only in an area of
the plate with free boundary conditions while the second one has passed the area
below the AFC. On the other hand, the dispersion results in a distorted wave form
which has not to be symmetric anymore and, hence, the superposition of the two
packets neither. A comparison between simulated and experimentally estimated
results will be presented in Sec. 3.5.

AFC as Receiver

The second example (2DR1) treats the AFC as a receiver. Again, the length and
the thickness of the AFC were 31 mm and 0.3 mm, respectively, and the thickness
of the Aluminum plate was 1 mm. The length of the plate was now 700 mm and the
AFC was placed 200 mm from the left edge of the plate, where external mechanical
stresses were applied for exciting waves (see Fig. 3.9). The length of the plate was
chosen as small as possible for reducing the simulation time, but in such a way
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Figure 3.9: Total displacements calculated with the 2D model (2DR1) in a cross
section of an aluminum plate with (top) and without (bottom) surface bonded AFC
used as receiver 64 us after the initiation of the excitation. The Sy mode was
excited at 400 kHz (5 cycle tone burst with a Hanning window) by applying normal
stresses on the left front side of the plate. The three small dots on the surface of
the plate (top) indicates the position where the surface velocities are recorded (see
next figure). The plate’s thickness is enlarged for better visualization.

that any reflections of waves did not disturb the sensing process of the wave packet,
which arrives first at the AFC. It was therefore also of advantage to excite only one
single mode. Within this example, normal stresses acting on the left front side of
the plate were used to excite the Sy mode. By applying shear stresses, an Ay mode
would be excited. The excitation signal corresponds to a 5H-cycle sinusoidal tone
burst modulated by a Hanning window with a center frequency of 400 kHz.

Beside this model, which takes the AFC into account, a similar simulation with-
out the AFC was performed. This model allows for simulating the undisturbed
deformation fields of the propagating wave. The comparison of the two models en-
ables to investigate the influence of the AFC on the wave propagation in the plate.
Fig. 3.9 shows the total displacements of both simulations, with and without the
AFC, after the wave packet passes the AFC. Reflections at the AFC can clearly be
seen. Further, the wave velocity of the incoming wave packet was slightly decreased
underneath the AFC. Therefore, a small time delay compared to the undisturbed
propagation can be observed for the transmitted Sy wave packet.

The consideration of the time histories of the particle velocities at several points
along the surface of the plate enables the identification of the reflected and converted
wave modes (see Fig. 3.10). It is obvious that reflections and conversions occur at
both edges of the AFC, where the mechanical boundary conditions for the plate
change immediately. Hence, there are two reflected Sy and two reflected Ay modes.
The two transmitted Ay modes superpose each other and appear as one wave packet.
The reflections and conversions explain why the duration of the wave pulse observed
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Figure 3.10: Results from the simulation with the 2D model (2DR1) with surface
bonded AFC: a)-c) IP (red) and OoP (black) surface velocities 100 mm in front of
the AFC, at the center of the AFC, and 100 mm behind the AFC, respectively, d)
AFC voltage signal, and e) total, potential, and kinetic energy (black, gray, and red,
respectively). A Sy mode was excited at 400 kHz (5 cycle tone burst with a Hanning
window). The indices 'r1’ and 2’ indicates the reflected waves from the two edges
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of the AFC, the index ’t” denotes the transmitted waves.
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Figure 3.11: Example of a transfer function of the AFC as emitter for the Ay mode
simulated with the 2D model (2DE1). The excitation signal was a linear frequency
sweep from 5 kHz to 250 kHz (see Tab. B.3) and the OoP surface velocity was
recorded at (r, p) = (400, 0°).

in the time history of the electric voltage is much longer than the original incoming
wave. Although the reflections and conversions have much smaller amplitudes than
the transmitted Sy mode, two well marked wave pulses with comparable maximal
amplitudes can be seen in the electric voltage signal. The time difference between
the two packets corresponds to the time needed by the wave for travelling along the
length of the AFC. Conclusively, changes in the electric voltage occur mainly when
the wave packet passes the edges of the AFC. The appearance of two wave packets
can only be seen if the length of the incoming wave packet is small compared to the
length of the AFC. The total energy of the aluminum plate is shown in the same
figure. After the excitation the total energy remains constant as long as no wave
packet passes the AFC. The energy transferred to the AFC (from 35 us to around
70 ps) is completely radiated back into the plate. Reflections of waves at the edges
of the plate lead to the variations in the kinetic and potential energy while the total
energy remains constant (from 135 us to 144 us).

3.3.7 Sensitivity Analysis

The model as programmed here has several free variables. Beside all geometric
dimensions the material parameters enter the simulation. Therefore, the sensitivity
of the result due to variations of each parameter was investigated in the 2D model.
It is obvious that by varying the geometric dimensions, in particular the length of
the AFC and the plate thickness, the results differ due to the changed ratio of the
length of the propagating wave modes and the length of the AFC. More interesting
is to vary the stiffness, piezoelectric and dielectric parameters of the AFC. For this
reason, a 2D simulation of the AFC as emitter (2DE1) was performed first with
standard parameters (see Tab. 2.1) before individually changing each parameter
and running the simulation again. Fach parameter was reduced and augmented
within the range of 10% to the standard value.

To point out the changes in the results, the transfer functions of the emitter
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in the frequency domain were determined separately for the Sy and the Ay mode.
Fig. 3.11 shows a typical transfer function for the Ay mode with the minima and
maxima as expected from theory (tuning effects [23|). By varying parameters, devi-
ations were obtained for the amplitude of the transfer function and for the position
of the minima and maxima. The evaluation shows that for most parameters by
looking at any frequency, the deviations are almost linear over the range of varia-
tion. Also the sign of the deviations remains the same over the considered frequency
range. There are some exceptions but their deviations are negligible. However, a
quantification which is valid for the whole frequency range was not possible due to
the complex electro-mechanical coupling behavior and the dispersive character of
the Lamb waves. Thus, the influence of each parameter was evaluated only qual-
itatively. Tab. 3.2 summarizes the results for the case that the specific parameter
is augmented. A positive sign means an increase in the amplitude or the shift to
higher frequencies for the minima and maxima, respectively. One single sign or '+’
represents negligible deviations, for the latter no trend can be recognized.

Amplitude Frequency shift
Parameter Standard value  Sg Ay So Ay

FEss 21 [GPa] 44+ +++ ++ +++
G13 31 [GP&] :|: + — —
V19 0.35 [-] + + + +
V13 032 [— + + + ++
d31 -171 [pm/V] - - - -
ds3 374  [pm/V] ++4++ +++ ++ ++
€11 833 [—] + — + +
£33 755 [- + — — ——
darc 0.3 [mm|] +++ FHE ==

PAFC 4700  |kg/m?] —— @—— == — ==

Table 3.2: Qualitative sensitivity of the amplitude of a maximum and the frequency
of a minimum in the transfer function due to an augmentation of 10% of single
parameters of the 2D model. A positive sign indicates an increase in the amplitudes
or a shift to higher frequencies, respectively. The more signs the higher the influence
of the respective parameter.

There are two material parameters of the AFC which have a major influence
on the results, the elastic modulus E33 and the piezoelectric constant dssz, both in
the fiber direction. This seems reasonable because the length is much larger than
the thickness of the AFC. Since the values of these two parameters, in particular
ds3, are not known exactly, one has to keep in mind the findings presented here
when comparing the results from simulations with the experimental measurements.
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The simulation is also sensitive to changes of the thickness and density of the AFC.
However, these parameters can be determined with considerable accuracy.

3.4 Experimental Investigation

3.4.1 Materials

The aluminum plate (alloy: 5005-H14) was quadratic with a length of 1,500 mm.
It was chosen as large as possible in order to maximize the time until reflected
waves from the boundaries arrive at the measurement points. The thickness was
1 mm. Since aluminum plates with dimensions like these are produced with a rolling
process, the isotropy in the plane was experimentally controlled with a standard
tensile test. It turned out that the plate is isotropic with an elastic modulus of
68.9 GPa and a Poisson’s ratio of 0.33. For the measurements, the aluminum plate
was mounted vertically with cords fixed at the two upper corners to achieve free
boundary conditions.

Two similar AFC elements with standard design (indicated as AFC-1 and AFC-
2, see Tab. B.1) and one AFC with a reduced length (AFC-3) were investigated. The
active length of the shortened AFC was set to 20 mm in order to excite one single
mode at a specific frequency (see Sec. 3.5.1 for details). Similar to the standard AFC
with a total and an active length of 34 mm and 31 mm, respectively, the difference
of the total and the active length for the shortened AFC was set to 3 mm, which
yields a total length of 23 mm. A standard AFC was shortened on one side with
a circular saw with a diamond blade. To achieve an active length of 20 mm, one
finger of the IDE on the shortened side was electrically isolated by drilling a small
hole through it. The total and active width of all AFCs was 40 mm and 20 mm,
respectively.

Each AFC was glued on the front side of a separate aluminum plate with similar
dimensions. The AFC was permanently bonded in the center of the plate with the
fibers oriented parallel to one side of the plate with a commercial two component ad-
hesive (Araldite® standard or Araldite® rapid from Vantico AG, Switzerland). To
obtain a constant and thin bonding layer, the AFC was pressed on the plate during
curing with a constant weight (around 1 kg). For the electrical contact, a BNC-
connector is soldered to the two short copper wires, which contact the electrodes of
the AFC. Further, the ground was also connected with the aluminum plate.

For generating waves in the plate for the investigation of the AFC as receiver,
circular piezoceramic transducers (type PZ26 from Ferroperm-Piezoceramics, Den-
mark) with a polarization through the thickness were used. The dimensions were
5 mm or 10 mm in diameter and 1 mm in thickness. According to manufacturer’s
specifications their first resonance frequency in the plane was expected at 220 kHz
and 440 kHz for a diameter of 10 mm and 5 mm, respectively, and through the
thickness at 2 MHz for both for free boundary conditions. Electrical impedance
measurements showed that the planar resonance of the 10 mm disc bonded to the
plate occurred at 260 kHz which seems reasonable since the bonding leads to a stiff-
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Figure 3.12: Close-up view of the AFC (left) and the piezoceramic disc transducer
(right) bonded to the aluminum plate.

ening. The resonances should virtually not influence the measurement of the transfer
function of the AFC, since the transfer function was normalized with the amplitudes
of the incident wave, which were independently measured with the laser interfero-
meter. However, when exciting the piezoceramic transducer at the frequency of the
planar resonance, it vibrated for a longer duration. Thus, the excited Sy and Ay
wave packets were elongated and not separated anymore, which prevented the proper
measurement of the transfer function. This was the case in particular for the 10 mm
piezoceramic disc when evaluating the transfer function of the Ag mode. Therefore,
the smaller disc was applied which allowed for estimating the transfer function up to
450 kHz. However, it was used only for measuring the A, transfer function while the
larger disc was used for the measurement of the Sy transfer function due to higher
amplitudes of the excited waves. The ceramic discs were bonded with a commercial
two component adhesive (Araldite® rapid) to the backside of the plate, where they
constituted no obstacle for the laser measurements on the front side. The electrical
contact was achieved by bonding a copper wire (0.2 mm in diameter) on the top
electrode with a conducting adhesive aluminum tape. The wire was then connected
over co-axial cable with the amplifier. The bottom electrode constituted the ground
and was connected over the aluminum plate and a copper wire with the shield of the
co-axial cable. No conducting additives were added to the adhesive to ensure the
electrical contact between the bottom electrode and the plate, because it turned out
that a thin bonding layer and the existing roughness of the surfaces were sufficient.

3.4.2 Setup and Measurement

The experimental setup for both investigations, AFC as emitter and as receiver, is
shown in Fig. 3.13. It consisted of the plate with the piezoelectric elements, the laser
interferometer and electronic devices. Some components were computer-controlled
by using LabVIEW® (National Instruments) and the IEEE 488 Interface (General
Purpose Interface Bus, GPIB).

e The signal for excitation was generated in the computer with LabVIEW®
as a vector of discrete values with sufficiently high resolution in time. The
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Figure 3.13: Schematics of the experimental setup for the investigation of the AFC

as el

itter (left) and reciever (right).

vector was then loaded via GPIB to the function generator (type 33120A from
Agilent). The function generator converted the vector into an analogue voltage
signal with an amplitude of £2 V maximum and a trigger frequency of 5 Hz.
The trigger signal was used for synchronizing excitation and measurement.

The voltage signal was amplified by a factor of 100:1 by a voltage amplifier
(type 7500 from Krohn-Hite) before being applied to the AFC or piezoceramic
transducers.

To record the excitation, the amplified signal was also sent through a voltage
divider (see text below).

For non-contact measurement of the surface velocities, a heterodyne laser in-
terferometer (type OVF 505 from Polytec) and a Bauernfeind prism (see text
below) were used. A laser measurement with an incident angle smaller than
90° required the use of retro-reflecting foil, which was positioned at the mea-
surement point. The thin foil was also used for measurements perpendicular to
the plate although the reflectivity of the aluminum surface would be sufficient.

The laser head was installed on a positioning system (from Aerotech), which

allowed to move the measurement point all over the plate. The navigation was
computer-controlled with LabVIEW®.

The vibrometer controller (type OVF 5000 from Polytec) demodulated the
signal of the laser head and generated a voltage signal, which was proportional
to the measured surface velocity. The direction of the velocity coincided with
the direction of the laser beam. The sensitivity of the interferometer was set
to 25 mm (s V)~! and allowed for recording frequencies up to 1.5 MHz.
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e For the digitization an analog-digital converter with two channels for simul-
taneous recording (type NI PCI-5922 from National Instruments, here called
Nl-card) was used. An anti-aliasing filter was already implemented within the
NI-card. For the case of the AFC as emitter, the excitation signal and the
signal from the laser measurement were recorded, for the case of receiver, the
two channels were used for the laser signal and the signal from the AFC. The
vertical range of the NI-card was maximal +5 V with a resolution of 18 bits,
the sampling frequency was set to 10 MHz and the record length to 5’000
or 10’000 samples (data points). Each measurement was repeated 100 times
(n = 100) and the data from both channels were stored for each repeated
measurement separately. This was required for the analysis of the coherence.
The NI-card was controlled with LabVIEW® and triggered by the function
generator.

e All signals were additionally guided to an oscilloscope (type DL1640 from
Yokogawa) for visualization. Due to failures of the Nl-card, it was necessary
to use the oscilloscope for the data acquisition of some measurements, whereby
the sampling rate was set to 10 MHz and the record length to 5’000 records.
The vertical resolution with 8 bits was worse than that of the NI-card but
still sufficient. LabVIEW® and the GPIB enabled the communication over
the computer, which simplified the control and data transfer. Since only the
averaged signal could be stored by the oscilloscope, a coherence analysis could
not be carried out for these measurements. The oscilloscope was triggered by
the function generator.

As mentioned in Sec. 3.2 several measurements at the same point but with an
excitation signal with changing frequency content had to be performed. For this, a
routine was programmed in LabVIEW®. Tt allowed for defining the parameters for
the needed excitation signals and for the data acquisition in advance and controls
then the whole measurement process. The positioning system, however, was not im-
plemented in the routine, i.e. the movement of the laser head from one measurement
point to the next had to be separately controlled.

To improve the signal-to-noise ratio, the amplitudes of the excitation signal sent
to the AFC or to the piezoceramic transducer were chosen as high as possible.
However, since the transfer behavior of the amplifier and the voltage divider was not
constant over the whole frequency range, the amplitudes of the different excitations
had to be adjusted according to the limitation given by the Nl-card.

The laser interferometer measured only the velocity component in the direction
of the laser beam. Thus, three measurements from linearly independent directions
but at the same point would be required to determine the complete velocity vector.
These measurements could be performed consecutively since the single experiment
was repeatable. For the estimation of the transfer function of the Ay mode the
OoP component v, was needed. This component could be directly measured by
guiding the laser beam perpendicularly to the plate (beam A in Fig. 3.14). The IP
component in the r-direction, which was needed for the Sy transfer function, was
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Figure 3.14: Relation between the velocity components measured with the laser
interferometer (beam A without and B and C with Bauernfeind prism) and the
components in 7- and @-direction (left) and the principle of a Bauernfeind prism
(right).

determined from the two measurements along beam B and C. A Bauernfeind prism

was used, which deflected the laser beam in such a manner that the incidence angle

was 45°. The measurement point remained at the same position, even if the prism

was rotated around the direction A. When the beam B and C were lying in the r--

plane, the velocity components v, and v, can be expressed in terms of the measured
components as

vy = ‘/75(1;3 — o)

P s (3.36)

Vp = Vg = T('UB —l-'Uc)

Note that the measured component ve as shown in the Fig. 3.14 has opposite sign
than vg. The reason for directly measuring the component v,, although it can be
determined from vg and v¢, is the better signal-to-noise ratio since reflections of the
laser beam within the Bauernfeind prism were avoided. Further, a mismatch between
the directly measured and calculated signal indicated inaccurate measurements. The
same procedure can be applied for determining the ¢ component, wherein the beams
B and C have to lie in the ¢-z-plane.

Since the aim of the experiments was the determination of the transfer function
of the AFC one had to ensure that other components of the measurement system
did not influence the result. For the AFC as emitter the physical quantities of
interest were the excitation voltage signal (input) and the surface velocity (output).
Between these quantities and the data acquisition, the voltage divider and the laser
interferometer were inserted. According to the manufacturer’s specification, the
transfer function of the laser interferometer has a constant value of one over the
entire frequency range of interest. The applied voltage divider, however, was not
ideal for the frequency range of interest and showed a non-constant transfer behavior
(see Fig. 3.15) which has to be taken into account for determining the transfer
function of the AFC. The transfer function of the voltage divider was measured by
sending harmonic sinusoidal voltage signals x(¢) with an amplitude of 4 V peak-to-
peak and varying frequency (generated by the function generator mentioned above)
through the voltage divider. Both signals, the input z(t) and the output x*(t)
were guided to an oscilloscope where the peak-to-peak amplitude was measured for
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Figure 3.15: Measured transfer function of the voltage divider.

each frequency. The desired transfer function Hapc(f) of the AFC can then be
calculated by multiplying the measured transfer function H,,(f) with the transfer
function Hyp(f) of the voltage divider (see Fig. 3.16).

Voltage divider X*(f)
Hvo(f) = X*(f) / X(f)

Hm(f) = Y(f) / X*(f)

X(f) AFC
Harc(f) = Y(f) 7 X(f)

Figure 3.16: System for the experimental determination of the transfer function of
the AFC as emitter. H,, is the measured transfer function, H4prc the one to be
determined.

Since the multiplication was performed element-wise, it was necessary that both
functions had the same frequency resolution. To achieve this, the measured transfer
function of the voltage divider was approximated with a polynomial of degree four.
This allowed for calculating its value with sufficient precision at any frequency within
the valid range.

For the AFC as receiver the surface velocity (input) and the voltage at the
electrodes of the AFC (output) were of interest. The latter could be influenced by
the impedance of the measurement circuit (cables and oscilloscope/NI-card). For a
correct measurement, the condition iwRC' > 1 must be fulfilled, where R and C' are
the resistance and the capacitance, respectively, of the measurement system. This
is only approximately the case for the system used here (oscilloscope and Nl-card in
parallel and co-axial cable result in R = 500 k2 and C' = 200 pF) and the voltage
as measured with the oscilloscope or Nl-card deviates from the correct voltage at
the electrodes of the AFC. However, the deviation of about 3% at 50 kHz and less
than 1% above 200 kHz is small and, hence, negligible. Further, the lower limit of
detectable frequencies given by the time constant 7 = RC' (here, C' contains also the
capacitance of about 700 pF of the AFC in parallel) is around 2 kHz and therefore
much below the considered frequency range.

During the experiments, the voltage signal measured with the AFC as receiver
was superposed by a harmonic sinusoidal voltage signal with a frequency of 50 Hz
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caused by the power supply of the measurement instruments and induced over the
electrical ground. This yielded a nearly constant offset of the recorded signal since
its duration (0.5 ms) was much shorter than the period of the 50 Hz signal (20 ms).
Although the offset had no influence on the transfer function in the considered
frequency range, it was subtracted from the original data before further signal pro-
cessing. Another possibility to cut out the frequencies of the disturbance would be
inserting a high-pass filter between AFC and data acquisition.

3.4.3 Coherence Analysis

The coherence 4 and the confidence interval § (see Eq. (3.10) and (3.11)) were
estimated for all measurements as long as each repetition was stored separately.
The results are presented here for one typical measurement for the determination
of the transfer function of the Ag mode (ExpEl, see Tab. B.1). The AFC was used
as an emitter and the excitation signal, or input signal, respectively, corresponded
to a linear frequency sweep with a Hanning window from 5 kHz to 200 kHz. The
OoP component of the surface velocity (output signal) was measured at (r, ¢) =
(400, 0°). The measurement was repeated one hundred times (n = 100) and the
confidence interval § was calculated with a percentage point for the F distribution
of @ = 99%. Fig. 3.17 shows the amplitude spectrum of the transfer function with
the confidence interval and the coherence function. The frequency range for which
the coherence is higher than 0.95 extends from 20 kHz to 191 kHz. In this range,
the confidence interval is very small, i.e. the measurements are well repeatable and
also the noise is rather small. The peaks above 191 kHz are not significant since the
coherence is poor.

When the single transfer functions, each reduced to the respective frequency
range, were compounded to the overall one, the overlapping parts should theoret-
ically lie in the confidence interval of each other. However, this is not always the
case as shown in Fig. 3.18 on the left side. The reason is the application of the
Tukey window to the output time signal for extracting the wave packet of interest
and the fact that the different wave modes are not always completely separated for
each excitation signal: If the duration of the window is chosen too long, there are
contributions of other wave modes within the signal, and if it is chosen shorter, it
will affect the wave of interest, in particular at the beginning and the end of the
window where the amplitudes are depressed. In both cases, the transfer function
will show small deviations from the optimal result.

One can generally say that the coherence was sufficient within the respective
frequency range for all performed measurements for the AFC as emitter as well as for
the AFC as receiver. However, some measurements for the Sy transfer function of the
receiver showed a coherence of only 0.8. Significant variations in the signal-to-noise
ratio of the laser measurements are supposed to be responsible for it. Nevertheless,
the overall transfer function corresponded to a reasonable graph. Due to the good
results, the coherence function and the confidence interval are not presented anymore
in the figures of the following section. Further examples for the AFC as emitter and
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Figure 3.17: Example of the measured transfer function of the AFC as emitter (top,
red) with the estimated confidence interval § for a = 99% (top, black) and the
estimated coherence function 4 (bottom) for hundred repeated measurements. The
excitation signal was a linear frequency sweep from 5 kHz to 200 kHz (see Tab. B.3)
and the OoP surface velocity was measured at (r, ¢) = (400, 0°). The relevant
frequency range (4 > 0.95) for the transfer function is from 20 kHz to 191 kHz.
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Figure 3.18: Examples of overlapping parts of the partial transfer functions (red)
with the confidence interval (black).
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receiver can be found in App. C.

3.5 Results and Discussion

The results are presented at the same time for both, the simulations and the exper-
iments. FExcept of the scaling by the factor £ or £* which was needed due to the
different electrode spacing within the simulation and the experiment (see Sec. 3.3.2
for details), the results of the simulation are represented as calculated. Hence, if
not other stated, they can be quantitatively compared with the experimental data.
Further, since the excitation for the simulation and the experiment started not at
the same time, the experimentally measured signals were shifted in time in such a
way that the excitation signal fitted that of the simulation (exceptions are stated).
The time shift was not needed for the determination of the transfer functions. All
data from the experimental investigation which are presented below correspond to
the averaged data sets. For simplification, the amplitude spectra of the transfer
function is just called transfer function.

For the experiments of the AFC as emitter two elements with standard design
(AFC-1, AFC-2) and one with a reduced length (AFC-3) were investigated (see
Tab. B.1). If not otherwise stated, the results for the standard AFC are generally
from the experiments with AFC-1. However, for the experiments of the AFC as
receiver only AFC-2 was investigated.

3.5.1 AFC as Emitter

Time Domain

Fig. 3.19 shows time histories of the radial IP and OoP component, v, and v,, of the
simulated (2DE1-3DE1) and experimentally measured (ExpEl) surface velocities
at (r, ¢) = (200, 0°). The AFC (standard design, [, = 31 mm) was excited for
both, the simulation and the experiment, with a frequency sweep from 5 kHz to
250 kHz (see Tab. B.3). The Sy mode in the simulation was disturbed after 140 us
due to the reflected waves from the free boundaries of the plate. Also contributions
of the IP components of the overlapping Ay mode were present and interfere with
the So mode. On the other hand, the OoP component of the Ay mode was not
affected substantially by the Sqp modes since the OoP components of the Sy modes
are negligible within these frequency range. The effect of the dispersion can clearly
be seen in the distorted wave form of the Ag mode. The faster wave components
which were excited at the end of the frequency sweep superpose the slower ones.
Hence the wave packet is contracted in time which can be seen in its shorter duration
compared to that of the excitation signal.

By looking at the radial IP component of the surface velocity, it can be seen
that the amplitudes of the Sy wave packet decreased 50 us after the arrival time
and reach a minimum after 85 us although the duration of the excitation signal
took 150 us. The reason can be found in the transfer behavior of the AFC itself,
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Figure 3.19: Simulated (red) and measured (black) time histories of the voltage
signal used for the excitation of the AFC (linear sweep from 5 kHz to 250 kHz,
top), the radial IP (middle), and the OoP (bottom) surface velocities at (r, ¢) =
(200, 0°).
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Figure 3.20: Simulated (red) and measured (black) time histories of the voltage
signal used for the excitation of the AFC (linear sweep from 5 kHz to 250 kHz, top)
and the tangential IP surface velocity (bottom) at (r, ¢) = (100, 30°).

i.e. at the corresponding frequency the energy is only poorly transmitted to the
plate. Since the excitation signal changes its frequency linearly, the frequency of
the minimum can be estimated by looking at the time scale. For the sweep as used
here with a duration of 150 us, 85 us corresponds to a frequency of about 150 kHz.
Consequently, a minimum in the transfer function is expected at this frequency,
which will be shown later.

Good agreement was achieved between the simulated and experimentally mea-
sured data regarding the arrival times and the wave form. However, the amplitudes
are higher in the simulations for both modes particularly due to the absence of any
energy dissipation in the 2D and 3D model. Further, it is known from the sensitiv-
ity analysis that the elastic modulus E33 and the piezoelectric constant ds3 have a
major influence on the amplitudes. In particular, the ds3 might be responsible for
the differences since its value was assumed to be equal to that of PZT bulk material.
A decrease of 10% will yield a reduction of the amplitudes by about 10%.

Beside the two Lamb wave modes a SHy mode was excited by the AFC as already
shown in the example of the simulation (see Sec. 3.3.6). This mode could also be
obtained in the experiments. The time histories of the tangential surface velocity
component at (7, ¢) = (100, 30°) is given in Fig. 3.20. The simulated time history
was disturbed after 100 us due to reflected waves. Contrary to the Sy mode, the
decrease in the amplitudes started already 40 us after arrival time. The wave form as
well as the arrival time are in good agreement between simulation and experiment.

Fig. 3.21 shows the time history of the IP component of a Sy mode at (r, p) =
(200, 0°). The excitation was a tone burst with a Hanning window with 3.5 and
4 cycles for the 2D simulation (2DE1) and the experiment (ExpEl), respectively,
at a center frequency of 400 kHz. As could already be seen in the example of the
simulation in Sec. 3.3.6, two wave packets appeared, each excited at one of the edges

57



Simulated in-plane surface velocity

0 10 20 30 40 50 60 70

Measured in-plane surface velocity

0 10 20 30 40 50 60 70
Time [us]
Figure 3.21: Simulated (top) and measured (bottom) time histories of the IP surface

velocity at (r, ¢) = (200, 0°). The AFC was excited with a tone burst with a Hanning
window with a center frequency of 400 kHz.

of the AFC where the interfacial stress distribution ends up with a peak. The time
shift between the two packets of about 6.6 us corresponded to the time needed for
the Sy mode to propagate over the length of the AFC. Since the time shift was
equal for both, the simulation and the experiment, it can be concluded that the
simulated stress distributions represent well the situation within the experiment.
Thus, in a simplified consideration for the z-z-plane one can assume that the waves
are excited at two point sources located at the surface of the plate (see Fig. 3.22),
which corresponds to the model of Giurgiutiu [23]. The excited waves, here the Sy
mode, propagate in both the positive and the negative z-direction and the two waves
from the two sources which propagate in the same direction interfere with each other.
Here, the duration of the 400 kHz 4-cycle tone burst is too short, so the two packets
are not superposed completely. This consideration explains also the existence of the
minima and maxima in the transfer functions as already stated by Giurgiutiu [23].
Because the two point forces at either end of the AFC are in opposite z-direction,
the two waves which propagate in the same direction are in opposite phase. Thus,
if the given active length of the AFC is an even multiple of half the wavelength, the
waves will interfere destructively leading to a minimum in the transfer function at
the corresponding frequency. If it is an odd multiple, constructive interference will
result in maximal amplitudes. This tuning effect is caused by the factor sin(k’%“) in
Eq. (3.1), where k corresponds to the wave number of the considered mode. Fig. 3.22
schematically shows the case for constructive interference when the wavelength is
two thirds of the active length [, of the AFC.

Similar measurements but with excitation amplitudes from 50 V to 200 V showed
that the behavior of the AFC is approximatly linear in this voltage range. This
confirms the use of linear constitutive equations in the model. 200 V are much
below the electric potential used for the polarization process. But by increasing the
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Figure 3.22: Simplified situation of wavelength \ versus active length [, of the AFC
in fiber direction for harmonic excitation according to the model of Giurgiutiu [23].

amplitudes even higher, non-linear effects become manifest. However, with regard to
future applications in SHM, the amplitudes should be as small as possible to avoid
the need for high voltage amplification, i.e. it is reasonable to neglect non-linear
effects.

Frequency Domain

A quantitative comparison of simulated (2DE1-3DE1) and experimentally estimated
(ExpEl) transfer functions are depicted in Fig. 3.23. The surface velocities were
recorded at (7, ¢) = (200, 0°). As expected from the analytical model of Giurgiutiu
23] (factor sin(k%) in Eq. (3.1)), the transfer functions show typical minima and
maxima. The first peak of the Sy transfer function (around 80 kHz) corresponds to a
length of the propagating wave within the aluminum plate which is twice the length
of the AFC. Theoretically, there are no other maxima expected at lower frequencies.
The amplitudes tend to zero due to destructive interference of the two waves excited
at either end of the AFC at frequencies where the length of the AFC is shorter than
half a wavelength. The first minimum is around a frequency of 158 kHz for both,
the simulation and experiment, which is close to the roughly predicted value from
the consideration of the time signal. The first peak of the Ay transfer function as
shown in the figure theoretically corresponds to the second maximum, where the
length of the AFC is one and a half times the wavelength. It has to be mentioned
that the amplitude of this peak is not represented correctly due to the choice of
the window function used for the transfer function calculations. It is expected from
theory that the first maximum would occur at 2.5 kHz. The problem of determining
the transfer function at frequencies below 20 kHz was the low group velocity of the
Ag mode that prevented separating the corresponding wave packet from all reflected
wave packets.

The frequencies for the minima and maxima were well predicted by the simulation
for the Sy mode within the shown frequency range. Relatively large deviations can
be seen for the analytical solution described by the factor sin(k’%a) in Eq. (3.1). This
can be attributed to the electro-mechanical coupling and the transducer-structure
interaction which both are neglected in the analytical model. For the Ay mode, the
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Figure 3.23: Simulated (red) and measured (black) transfer functions of the AFC as
emitter for the Sy mode (top) and Ay mode (bottom). The surface velocities were
recorded at (r, ¢) = (200, 0°). Factor sin(k%) (dashed, arbitrary units) according
to the model of Giurgiutiu [23].

analytical solution is almost similar to the simulated results up to 200 kHz. It seems
that there is a systematic deviation between the simulated and the experimentally
estimated transfer function. A possible reason for this could be the chosen length
l, of the AFC in the simulation since this parameter is directly coupled to the fre-
quencies of minima and maxima over the respective wavelength. With increasing
length of the AFC, the transfer function is contracted and the minima and max-
ima are shifted to lower frequencies. As expected from theory and as obtained in
simulations with varying active length, this contraction is more pronounced for the
Ay mode than for the Sy mode. Consequently, an enlargement of the length [, in
the simulation would lead to a better agreement with the experiments. This would
mean that the effective active length of the AFC in the experiment is somewhere
between the theoretical active length [, and the total length [;,; of the fibers. This
is contrary to the shear lag effect as obtained by Raghavan and Cesnik [64] for the
MFC. Within their investigation, the active and total lengths were equal which was
not the case for the AFC used for this work. The findings shown here have to be
taken into account when dimensioning the length of an AFC with a required transfer
behavior.

As already shown in the time signals, the amplitudes were higher for the simula-
tion. This is attributed to the chosen material parameters for the AFC (in particular
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Figure 3.24: Measured transfer function of two AFC as emitter with standard design
for the Sy mode (red) and the Ay mode (black). The surface velocities were measured
at (r, ¢) = (400, 0°).

the elastic modulus F33 and the piezoelectric constant ds3) and the absence of any
energy dissipation within the model. Further, the amplitudes of the maxima in the
transfer function increase with increasing frequency for the simulation, while for the
experimental results, the amplitudes of the maxima remain almost constant. First,
it has to be pointed out that for a harmonic wave with constant displacement am-
plitudes, the velocity amplitudes would increase with increasing frequency. Second,
the energy of the excited wave is more focused on the fiber direction at higher fre-
quencies as it will be explained later on in this section. This yields higher amplitudes
at higher frequencies for the transfer function in fiber direction. A possible reason
why the maximum amplitudes for the experiment do not increase might be the ma-
terial damping since its influence increases with increasing frequency, in particular
within the epoxy matrix of the AFC and of the bonding layer, which show slightly
visco-elastic material behavior.

Fig. 3.24 shows experimentally estimated (ExpEl) transfer functions for two
similar AFCs with standard design over a frequency range up to 800 kHz. While
the amplitudes are similar for both AFCs for the Sy mode, the amplitudes for the
Ay mode are smaller for the second AFC (lower diagram). The difference of about
0.006 mm (s V)~! is almost constant between 80 kHz and 300 kHz. Good agreement
is also achieved regarding the frequencies of the minima and maxima up to 450 kHz
for both the Sy and the Ay transfer function. Above this frequency the regularity
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seems to be disturbed, in particular for the first AFC (upper diagram). Small
variations in the AFCs due to the manufacturing process (hand made) and in the
bonding layer might be the reasons for it. For the second AFC it seems like the Ag
transfer behavior is the result of the superposition of two transfer functions each
determined with a slightly different transducer length. This is probably due to the
fact that the total and active length of the fibers are not identical. Since a change
in the length yields a frequency shift of the minima and maxima and since this shift
is small at lower frequencies (see also Fig. 3.30), the peaks can be recognized as
double peaks only above 450 kHz. However, this behavior was not obtained within
the experiments with the first AFC. Even if the database from the investigation
of only two AFCs is small, it can be concluded that above 450 kHz the transfer
behavior gets more and more unpredictable with the model presented here.

The quasi-periodic variation within the first peak of the transfer function for the
So mode is an artifact of the measurement procedure. On the one hand, it occurs due
to the applied window function and it can be minimized by the use of well-chosen
parameters for the time window. On the other hand, some small contributions
from reflected waves excited in the previous measurement might be present in the
measured [P signal of the surface velocity. Since the trigger rate (5 Hz) for repeating
the measurements was chosen too high, these waves were not completely damped
out before the following measurement had been started. This explains, why the
disturbance is obtained only at lower frequencies where the damping is smaller
than at higher frequencies. It is mentioned that the contributions of the previous
measurement were hardly observable in the time signal due to the poor signal-to-
noise ratio when measuring with the Bauernfeind prism. Nevertheless, the trend of
the overall transfer function is well represented.

The simulated (2DE1-3DE1) and experimentally estimated (ExpEl) transfer
functions for several points around the AFC are shown in Fig. 3.25 and 3.26 for
the Sp and Ay mode, respectively. For the Sy mode the surface velocities were
recorded at » = 100 mm and 400 mm for the simulation and experiment, respec-
tively, while for the Ay mode the distance was r = 200 mm for both. The reason
for the different distances are the reduced geometric dimensions within the simula-
tions where reflections at the free boundaries make it difficult to obtain useful data
for the Sgp mode at a distance of 200 mm and for varying angles. Therefore, the
results can be compared only qualitatively. The angle ¢ varies from 0° to 60° in
steps of 15° for the Sg mode and from 0° to 30° in steps of 5° for the Ay mode. Due
to the decreasing amplitudes of the wave modes with increasing angle ¢ from the
fiber direction and thus the decreasing signal-to-noise ratio, the transfer functions
could not be estimated over the entire frequency range within the experiments. In
particular, this holds for the Sy mode due to the use of the Bauernfeind prism for
determining the IP surface velocity. It has to be mentioned again that the peak of
the Ay transfer function at 28 kHz is not correctly represented due to the choice of
the time window function.
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Figure 3.25: Simulated (top) and measured (bottom) transfer functions of the
AFC as emitter for the Sy mode. The surface velocities were recorded at (r, ¢)
= (100, 0°-60°) for the simulation and at (r, ¢) = (400, 0°-60°) for the experiment.
The measured transfer functions at ¢ > 30° were estimated up to only 170 kHz.
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Simulated transfer function for A0 mode at r = 200 mm
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Figure 3.26: Simulated (top) and measured (bottom) transfer functions of the

AFC as emitter for the Ay mode. The surface velocities were recorded at (r, ¢)
= (200, 0°-30°) for both, the simulation and the experiment.
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Constructive

Figure 3.27: Simplified situation of wavelength \ versus active length [, of the AFC
in arbitrary direction for harmonic excitation.

The Ay mode is more focused on the fiber direction of the AFC at a given
frequency than the Sg mode as could already be seen in the example of the simulation
(see Sec.3.3.6). This is also depicted in the transfer functions, e.g., when looking at
a frequency around 120 kHz. At an angle of ¢ = 15°, the amplitude for the Sy mode
is almost the same as for ¢ = 0°. But for the Ay mode, the amplitude reduces to 43%
for both the simulation and the experiment. Considering the trends with increasing
frequency, it can clearly be seen that the waves are more and more focused on the
fiber direction for both wave modes. The focusing effect is related to the ratio of the
wavelength to the width of the AFC as it will be explained below. Further, due to
the focusing effect, it is obvious that the amplitudes in fiber direction must increase
within the simulation where any energy dissipation is neglected.

With increasing angle ¢ the first peaks seem to be shifted to higher frequencies.
This effect can be explained again by considering two IP point forces acting in z-
direction but with opposite sign (see Fig. 3.27). The distance between the two point
sources corresponds to the active length [, of the AFC. By looking at the y-z-plane
and harmonic waves which travel in the positive r-direction at an angle ¢ from the
z-direction, the following effects can be obtained for the far field (r — oc). The
distance between the two sources in r-direction is {* = [, - cos(y), i.e. the required
wavelengths for constructive or destructive interference decreases with increasing
angle ¢ and therefore the minima and the maxima are shifted to higher frequen-
cies. Further, it is expected that in a certain direction for a given frequency the
two waves will interfere destructively. One example can be found in the simulated
transfer functions for the Ay mode at a frequency of 46 kHz where at ¢ = 20° a
minimum occurs, while for larger angles, the amplitudes increase again. It is obvi-
ous that the smaller the wavelength, the smaller the angle between the z-direction
and the direction r of the first minimum. These effects are decribed by the term
sin(k% cos ) in the analytical solution (see Eq. (3.2)) derived by Raghavan and
Cesnik [64]. Further, for exciting Lamb waves in r-direction, only the r component
of the point force can be taken into account. Consequently, the amplitudes decrease
with increasing angle ¢. This effect can clearly be obtained in the simulation as
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Figure 3.28: Simulated Sy transfer functions of two AFCs used as emitter with an
active width of 10 mm (top, 2DE1-3DE3) and 20 mm (bottom, 2DE1-3DE1). The
surface velocities were recorded at (r, ¢) = (100, 0°-30°).

well as in the experiment. However, this consideration does not explain why the
decrease of the amplitudes is more pronounced for higher frequencies. Therefore, it
is essential to take also the width of the AFC into account.

To investigate the influence of the active width w, on the resulting wave field,
3D simulations with w, = 20 mm and 10 mm (2DE1-3DE1 and 2DE1-3DE3, respec-
tively) were performed, while all other parameters remained constant. The resulting
transfer functions for the Sy mode at a distance of r = 100 mm are presented in
Fig. 3.28 for the frequency range from 250 kHz to 550 kHz. The smaller the width,
the smaller the amplitudes in general, which seems reasonable since a smaller area
was excited. The frequencies for the minima and maxima remain constant. When
looking at a given frequency but changing angles ¢, it can be seen that the waves
are more concentrated in the fiber direction for larger widths. Since the same effect
could be obtained for increasing frequency, it can be concluded that the smaller the
wavelength compared to the width of the AFC, the more pronounced is the focusing
of the wave field in fiber direction. This is also the reason why at a given frequency
the Sop mode with its larger wavelength is spread over a larger angle than the Ay
mode.

This behavior can be illustrated again with a simplified consideration as depicted
in Fig. 3.29. Forces along the active width w, of the AFC are assumed. They act on
the surface of the plate (y-z-plane) in fiber direction of the AFC and represent the
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Figure 3.29: Simplified consideration of wavelength A versus active width w, of the
AFC in arbitrary direction for harmonic excitation.

shear stresses generated along one of the AFC’s edges during harmonic excitation.
From a physical point of view the obtained wave field can be explained as the result
from superpositions of an infinite number of single circular crested waves (Huygens
principle), each starting at an infinitesimal point along the edge of the AFC. Since
the waves start with similar phase, there will be certain directions where the result-
ing wave in the far field has minimal amplitude due to destructive interferences of
all single waves. The factor describing this behavior is sin(k* sin @) /(k sin ) which
is also included in the analytical solution of Raghavan and Cesnik [64]. The first
minimum is given by sinp = w%, where A\ is the wavelength. Thus, with increas-
ing width or with decreasing wavelength — increasing frequency, respectively —, the
respective angle decreases, i.e. the waves are more focused on the fiber direction.
Qualitative comparisons of this behavior obtained from the simplified consideration
with the results from simulations and experiments show good agreement. A more
complete but still simplified excitation representing the forces transferred from a
surface bonded AFC would be two line forces with opposite sign along both edges
of the AFC within a distance equal to the active length [, and corresponds to the
approach of Raghavan and Cesnik [64]. However, they have not taken into account
the influence of the surface bonded AFC.

Investigation of a Shortened AFC

To confirm the model with additional measurements with a transducer of different
length, an AFC with standard design was shortened as described in Sec. 3.4.1. The
length should be chosen between 10 mm and 31 mm in such a way that at one
specific frequency an Ay mode is excited preferably. For a first estimation of the
required length, the theoretical model of Giurgiutiu [23] was considered. Fig. 3.30
shows the frequencies for the minima and maxima of the transfer functions for the Sy
and Ay mode in function of the transducer length. The only solution below 450 kHz
is at the length of 18.2 mm, where at 290 kHz a curve for a minimum of the Sy mode
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Figure 3.30: Frequencies of minima (dashed) and maxima (solid) in the transfer
function of a surface bonded emitter for the Sy (red) and Ay mode (black) in function
of the transducer length according to the model of Giurgiutiu [23] which neglects
the influence of the emitter. The aluminum plate has a thickness of 1 mm.

crosses that one of a maximum of the Ay mode. However, by comparing theoretical
results for the standard AFC with the findings of the simulations and experiments
presented above, one can estimate that an active length of 20 mm is better suited.
The reason for this deviation is the presence of the AFC, which is neglected in the
analytical model.

The AFC for the experiments (ExpE2) was shortened so that the total and
the active length were l;,; = 23 mm and [, = 20 mm, respectively, analogous to
the standard AFC. Consequently, the effective active length in the experiment is
expected to be slightly longer than 20 mm and hence the active length for the 2D
and 3D simulations (2DE2-3DE2) is set to 21 mm. As predicted by simulations, the
optimal frequency for emitting mainly the Ay mode will be around 235 kHz.

Fig. 3.31 and 3.32 depict the results for the simulations and the experiments. The
positions where the surface velocities were recorded are similar to the investigation of
the standard AFC. The quasi-periodic variations in the Ag transfer functions above
100 kHz are due to non perfectly separated wave packets. In general, the same
findings as for the standard AFC can be stated for the shortened AFC. As expected
from theory the frequencies for the minima and maxima in the transfer function are
shifted to higher frequencies compared to the standard AFC. Further, a maximum
for the Ay mode coincides with a minimum for the Syp mode at a frequency around
235 kHz as predicted by the simulation. Regarding the radiation around the AFC,
it can be seen that the length of the AFC has no major influences on the focussing
of the waves. Good correlation between the simulated and measured results could
be achieved up to 470 kHz and 310 kHz for the Sq and Ay mode, respectively.
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Figure 3.31: Simulated (top) and measured (bottom) transfer functions of the short-
ened AFC as emitter for the Sy mode. The surface velocities were recorded at (7, ¢)
= (100, 0°-60°) for the simulation and at (r, ¢) = (400, 0°-45°) for the experiment.

It can be concluded that beside the thickness and the material properties of the
plate the length and the width of the AFC mainly define the characteristic of the
wave field around the AFC. While the length is responsible for the occurrence of the
minima and maxima in the transfer function in fiber direction due to interferences
of waves excited at either end of the AFC, the width defines the radiation vs. the
angle due to interferences of waves excited along one edge of the AFC. The reason
for the strongly developed directionality of the wave field can further be attributed
to the anisotropic behavior of the AFC, which leads to shear stresses concentrated
mainly at two edges of the AFC and acting in the fiber direction of the AFC. The
comparison of the simulated with the experimentally estimated results shows that
the proposed simulation procedure is well suited for studying wave propagation
phenomena caused by the excitation of surface bonded AFC.

3.5.2 AFC as Receiver

The AFC as receiver can be simulated only with the 2D model. Therefore, a compar-
ison between the simulation and the experiment can only be given for the case when
the incident wave propagates in fiber direction of the AFC. For other directions,
only experimental results will be presented.
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Figure 3.32: Simulated (top) and measured (bottom) transfer functions of the short-
ened AFC as emitter for the Ag mode. The surface velocities were recorded at (7, ¢)
= (200, 0°-30°) for both, the simulation and the experiment.

Time Domain

Fig. 3.33 shows experimentally observed time histories of the voltage signal measured
with the AFC and of the surface velocities measured with the laser interferometer
for three different positions of excitation (ExpR1). The piezoceramic transducers
used for excitation were located at a distance r = 200 mm from the AFC and
in angles ¢ = 0°, 15° and 30° from the fiber direction of the AFC. The surface
velocities were recorded in a distance of 200 mm from the excited emitter in a
direction perpendicular to the straight line between the AFC and the respective
emitter (see also Fig. 3.1). The excitation signal was a tone burst with a Hanning
window with 5 cycles at a center frequency of 100 kHz and starting at ¢ = 50 us.
The measurements were performed consecutively starting with the excitation by
the emitter at ¢ = 0° which was then removed before exciting the next one. The
piezoceramic transducers were able to excite both Lamb wave modes, the faster Sy
and the slower Ay mode, as can clearly be seen in the laser measurements. The
waves excited by each piezoceramic transducer had comparable amplitudes. It has
to be mentioned that the IP component of the surface velocity of the Ay mode is not
necessarily reproduced correctly. The reasons for this are the relatively low phase
velocity — and hence small wavelength — of the Ag mode and small deviations of the
positions of the two required laser measurements (even with the use of a Bauernfeind
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Figure 3.33: Measured voltage signal from the AFC as receiver (left diagrams)
and IP (middle) and OoP (right) surface velocities at the corresponding point (see
Fig. 3.1) measured with the laser interferometer. The excitation (5-cycle tone burst,
Hanning window, center frequency of 100 kHz, starting at ¢ = 50 us) was achieved
with piezoceramic transducers positioned at (r, ¢) = (200, 0°/15°/30°) (a-c).

prism), which leads to relatively large deviations for the calculated IP component.
Theoretically, the IP surface velocity for the Ay mode at 100 kHz is about three times
smaller than the OoP component. Although the incoming waves at the AFC had
similar amplitudes, the voltage signal of the AFC changed with changing incident
angle. While the decrease for the Sy mode was marginal for increasing angle, the
amplitudes of the Ay mode vanished almost for ¢ = 30°. This is similar to the
findings for the AFC as emitter, where the Sy mode is spread over a larger angle
than the Ay mode.

A comparison of simulated (2DR1) and experimentally measured (ExpR1) time
histories for a Sop mode is depicted in Fig. 3.34. The wave was excited at (r, ¢)
= (200, 0°), i.e. in fiber direction of the AFC, with a tone burst (5 cycles with a
Hanning window) with a center frequency of 200 kHz and starting at ¢ = 50 pus.
Within the simulation, only the Sp mode was excited, while in the experiment an
Ay mode would arrive after 130 ps. The simulated results were scaled so that the
maximal amplitude of the IP surface velocity is equal to that one of the measurement.
Further, the simulated data were time shifted so that the beginning of the simulated
and measured Sy mode coincides. It is noticeable that the frequency of the Sy
mode in the experiment seems to be slightly increased compared to the simulation.
The reason for this is the piezoceramic transducer used for excitation. Due to
the frequency content of the tone burst signal, the transducer was excited also
in its planar resonance frequency at around 260 kHz. Thus, this frequency was
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Figure 3.34: Simulated (red) and measured (black) IP (top) and OoP (middle)
surface velocities and voltage signal from the AFC as receiver (bottom). The exci-
tation (5-cycle tone burst, Hanning window, center frequency of 200 kHz, starting
at t = 50 us) was achieved with the piezoceramic transducer positioned at (r, ¢) =

(200, 0°).

dominant in the excited wave pulse and, moreover, the pulse was elongated since the
transducer was still vibrating for a few cycles after the electric excitation stopped.
Good agreement was achieved regarding to the time and the form of the electric
voltage signal. As for the AFC as emitter, the amplitudes within the simulation are
overestimated. Again, the chosen material parameters for the AFC (in particular
the elastic modulus F33 and the piezoelectric constant ds3) and the absence of the
bonding layer and any energy dissipation in the simulations are responsible for this.
Another source of error might be the piezoceramic transducers. Laser measurements
around the excited transducers showed that the radiated wave fields were not exactly
rotation-symmetric. Further, small phase shifts are attributed to differences between
the distance from the piezoceramic transducer to the AFC and from the piezoceramic
transducer to the point where the surface velocity was measured. The differences
were estimated to be maximum 2 mm which corresponds to a difference in time of
about 0.5 us. Compared to the signal measured with the laser interferometer the
noise level of the AFC signal is very low. Considering the simulated results, the wave
pulse in the time history of the voltage signal is longer than the original incoming
wave. The reasons are reflections and mode conversions at the edges of the AFC
and the overlap of the two wave pulses measured when the incoming wave passes
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Figure 3.35: Measured IP surface velocity (top) and voltage signal from the AFC
as receiver (bottom). The excitation (5-cycle tone burst, Hanning window, center
frequency of 400 kHz, starting at ¢ = 50 us) was achieved with the piezoceramic
transducer positioned at (r, ¢) = (200, 0°).

the AFC’s edges (see text below). Since the incoming wave within the experiment
has already more cycles, this effect can not be observed at this frequency.

Fig. 3.35 depicts the experimentally measured time history of the electric voltage
while a Sy mode is passing the AFC in its fiber direction. The excitation signal was
a tone burst (5 cycles with a Hanning window) with a center frequency of 400 kHz
and starting at ¢ = 50 us. As for the simulation (see example in Sec. 3.3.6), two wave
packets can be obtained with a time shift of about 6 us corresponding to the time
needed by the wave to travel along the length of the AFC. From the measured IP
surface velocity one can see that the incident wave pulse is elongated. The reason for
it might be only weakly damped vibrations of the piezoceramic transducer which was
used for excitation. This leads to an overlap of the two pulses in the electric voltage
time history and thus to higher amplitudes of the second pulse. The pulses after
120 ps are then from the following Ay mode and have relatively small amplitudes
due to the poor sensitivity of the AFC at this frequency. The appearance of two
wave packets seems reasonable since within a simplified consideration wherein the
influence of the sensor on the wave field is neglected (see, e.g., [64]), the electric
voltage would be proportional to the averaged IP surface strain over the sensor
area, or the length of the sensor for the 2D case. The averaged strain over the entire
length of a wave packet vanishes as long as the displacements before and behind
the packet are equal to zero. Thus, if the wave packet is short enough compared to
the AFC length, the electric potential vanishes as well when the entire wave packet
is in between the two edges of the sensor and the wave packet is measured twice
when passing the edges of the AFC. This can be observed whether an IDE is used
(experiments) or not (simulations, see Sec. 3.3.6). In order to avoid such effects the
sensor dimensions should be chosen as small as possible.
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Figure 3.36: Simulated (upper diagrams) and measured (lower diagrams) transfer
functions of the AFC as receiver for the Sp mode (left diagrams) and Ay mode (right
diagrams). The excitation was achieved with the piezoceramic transducer positioned
at (r, ¢) = (200, 0°).

Frequency Domain

A comparison between simulated (2DR1) and experimentally estimated (ExpR1)
transfer functions is given in Fig. 3.36. The point of excitation was at (r, ¢) = (200,
0°). As expected from theory [47], the transfer functions show minima and maxima
due to the tuning effect. With decreasing frequencies the amplitudes increase and
would theoretically end up in a maximum at zero frequency, where the wavelength
to sensorlength ratio tends to infinity and the AFC would represent an ideal strain
sensor. This can clearly be seen for the Sg mode where the first maximum at 80 kHz
as it was obtained for the AFC as emitter does not appear. It is mentioned here
that within the experiment the lower limit of detectable frequencies given by the
time constant of the applied measurement circuit was around 2 kHz (see page 52 in
Sec. 3.4.2). Below this frequency the amplitudes would asymptotically decrease to
zero. However, due to the long duration of the wave pulses at low frequencies and
thus the overlaps with each other and with reflections from the boundaries of the
plate, it was not possible with the used setup neither to measure nor to simulate
useful data below 60 kHz and 50 kHz, respectively. Within the experimental results,
some parts of the overall transfer function do not match with the neighbouring one.
The reasons are the chosen window functions, not perfectly separated wave modes,
and again a trigger rate which was chosen too high so contributions of reflected waves
from the previous measurement were present particularly at lower frequencies.

As for the AFC as emitter the simulated transfer function for the Sy mode agrees
well with the measured one regarding the form of the curve and the frequencies of
minima and maxima. For the Ay mode the minima and maxima are slightly shifted
to higher frequencies within the simulation. The reason might be the same as for the
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AFC as emitter, namely the effective active length within the experiment which is
something between the active length [, and total length [;.;. It is noticeable that the
amplitudes of the maxima of the measured A, transfer function decrease strongly
with increasing frequency while for the simulation they remain almost constant. It
is supposed that damping effects might be responsible for it.

It has to be mentioned that on the basis of this figure it is not possible to say
whether the AFC is more sensitive to the Sy or the Ay mode because the IP and the
OoP surface velocity has been taken into account to calculate the transfer function
of the Sy and Ay mode, respectively. As reported in the literature ([47], [64]), it
can be assumed that the AFC is mainly sensitive to the IP surface strain (in fiber
direction). However, the IP surface velocity of the Ag mode, which is related to the
I[P strain, is smaller than the OoP surface velocity (see also Fig. 2.2). By taking
the TP surface velocity also for determining the transfer function of the Ay mode
would yield higher amplitudes than depicted here. Moreover, the amplitudes of the
experimentally estimated Sy transfer function are represented too small (around a
factor of two) due to a poorly soldered connection between the AFC and the copper
wire which was used for the electrical ground. The experiments have not been
repeated because all piezoceramic transducers had already been removed. Hence,
the results can only be compared qualitatively with the simulation.

The transfer behavior of the AFC for changing incident angles of the incoming
wave was investigated only experimentally (ExpR1). The transfer functions for the
angles ¢ = 0°, 15°, 30°, 45° and 90° to the fiber direction are shown in Fig. 3.37.
Similar effects as for the AFC as emitter could be obtained.

e The amplitudes decreased with increasing angle ¢ due to the anisotropic be-
havior of the AFC, i.e. it was sensitive mainly to deformations (or strains) in
its fiber direction. The decrease was less pronounced for the Sy mode com-
pared to the Ay mode where the sensitivity was poor already for an angle
of 30°. Perpendicular to the fiber direction both the So and Ay mode could
still be measured for frequencies below 100 kHz although the amplitudes are
rather small. The reason might be a weak coupling due to the transverse effect.
Above 100 kHz the AFC was virtually not sensitive for both wave modes.

e The minima and maxima were shifted to higher frequencies for increasing
angles. As a consequence, the amplitudes in the transfer function for the Sy
mode at frequencies around 150 kHz were higher at angles between 15° and
45° than for 0°.

e With increasing frequency, and thus with decreasing wavelength, the direc-
tionality of the receiving capabilities is more pronounced.

These effects can again be explained with a simplified consideration neglecting
the influence of the AFC on the propagating wave in the plate and assuming that
the voltage signal is proportional to the averaged IP surface strain in fiber direction
over the AFC area. A plane wave field is assumed with the propagation direction r
at an angle ¢ to the fiber direction of the AFC which corresponds to the z-direction
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Figure 3.37: Measured transfer functions of the AFC as receiver for the Sy mode
(top) and the Ag mode (bottom). for several incident angle. The excitation was
achieved with the piezoceramic transducers positioned at (r, ¢) = (200, 0°-45°/90°).

(see Fig. 3.38). The variable of interest, here the IP strain in wave propagation
direction, shall oscillate harmonically. By considering only the component in z-
direction and integrating it over the rectangular active area of the AFC with the
length [, (in z-direction) and width w, the following two terms can be obtained:
sin(k'e cos @) /(k cos ¢) and sin(k*% sin ¢)/(k sin ). These terms are similar to those
describing the wave field of the emitter (see Eq. (3.2)) except for the denominators
(kcosy) and (ksing). These denominators ensure that for frequencies decreasing
to zero the amplitudes do not decrease to zero as well as it is the case for the transfer
functions of the emitter. The first of the two terms is responsible for the minima
and maxima in the transfer function and their shift with changing angle ¢, while
the second term describes the influence of the transducer’s width to wavelength
ratio on the directionally dependent receiving capabilities. An additional term is
cos? ¢ which is necessary for calculating the z-component of the IP surface strain.
It causes the generally decreasing amplitudes with increasing angle. All three factors
are also included in the analytical solution (see Eq. (3.3)) derived by Matt [47]. He
additionally described the harmonic wave field with the exact solution for the surface
strain of Lamb waves and took the constitutive relations for the AFC into account
to solve for the electric voltage obtained at the electrodes. However, the influence of
the AFC on the wave field and also the influence of the mechanical stresses within
the AFC on the electrical quantities due to the coupled constitutive relations were
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Figure 3.38: Simplified consideration of the AFC as receiver of a harmonic plane
wave propagating in arbitrary direction.

not considered.

It can be concluded that similar effects as for the AFC as emitter were obtained.
These are the typical minima and maxima in the transfer functions and the direc-
tionally dependent behavior. One difference between the emitter and the receiver is
the transfer behavior at frequencies below the first minimum of the transfer func-
tion, where a maximum is theoretically reached at zero Hertz (see [38], [62]). Again,
the simulation (performed only in fiber direction of the AFC) agreed well with the
measurements.

3.6 Summary

The behavior of the AFC as emitter and receiver of elastic waves in isotropic plates
was investigated. A model consisting of the plate and a surface bonded AFC was
developed which allowed for simulating the process of exciting and sensing waves
with the AFC. Additionally, experiments were performed. The wave field excited
or measured by the AFC was observed free of contact with a laser interferometer.
For both, the simulations and the experiments, transfer functions for the two funda-
mental Lamb wave modes (Sp and Ay modes) were determined to characterize the
dynamic behavior of the AFC as emitter and receiver. The investigations showed
that beside the Lamb wave modes the AFC also emits a SH mode in the consid-
ered frequency range. The transfer behavior is highly frequency and directionally
dependent for the AFC as emitter as well as receiver. On the one hand the length
and width of the AFC define the frequencies of minima and maxima in the transfer
function — beside the wave propagation characteristic of the plate — as well as the
concentration of the emitting and receiving capabilities on the fiber direction of the
AFC. On the other hand the anisotropic material properties of the AFC enhance this
directionality. Good qualitative and quantitative agreement between the simulated
and experimentally measured results was achieved up to a frequency of 450 kHz.
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Chapter 4

Application of AFCs for Damage
Detection

4.1 Introductory Remarks

The suitablilty of AFCs as transducer elements for two different NDT methods for
damage detection (first step of the damage identification process in SHM) is con-
firmed experimentally. The same AFCs are used as emitter and receiver in different
frequency ranges. The structure to be monitored is an aluminum sandwich plate.
Sandwich structures combine high bending stiffness with relatively low weight and
are hence interesting for many different engineering applications. The plates used
within this work consist of two aluminum face sheets and a hardfoam core. They
are used in the transportation industry, e.g., for floor, wall, or roof constructions in
trains or buses. It is known that one problem of such sandwich plates are delamina-
tions between face sheet and core or failures (cracks or crushs) of the core material
just underneath the bonding layer. These damages can be initialized by impacts or
fatigue — often starting from structural features, e.g., embedded stiffeners between
the two face sheets — and grow under cyclic loading.

Damage detection with acoustic NDT methods in an aluminum-hardfoam sand-
wich as used for the investigations presented here is not reported in the literature
to the best knowledge of the author. More literature concerning this topic can be
found for composite laminate-hardfoam or composite laminate-honeycomb sandwich
plates (e.g., [4], [17], [42], [34], [90]) or aluminum-honeycomb sandwich plates (e.g.,
[68]) since these combinations have a wider range of applications for engineering
structures. Nevertheless, the investigation of aluminum-hardfoam sandwich plates
builds the first step toward more complex structures.

The two methods used for damage detection are the guided wave based method
(GW method) and the electro-mechanical impedance method (EMI method). The
former is a promising technique for monitoring large areas and detecting, locating,
and evaluating different types of damage. The latter is interesting for the detection
and a rough localization of a damage and can be further used for monitoring the
transducer itself and its bonding to the structure. The two methods can be applied
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for detecting different types of damages in the same structure. Wait et al. [84]
used the GW method to identify cracks in aluminum plates and the EMI method
to detect damages in connection joints. Thien et al. [79] adapted this approach to
monitor steel pipes. Within both investigations MFCs were applied as transducer
elements. Giurgiutiu et al. [27] used the EMI method to monitor the near field
around the transducer and the GW method was used for larger areas. For both
methods, they used conventional piezoceramic transducers. Hence, AFCs will be
well-suited as well for being applied with both methods.

For the work presented here, damage detection means to obtain changes in a
measured signal which can clearly be attributed to a damage of the specimen. There-
fore, measurements were performed before and after a damage had been introduced.
Since the experiments were carried out under laboratory conditions, it can be as-
sumed that all other parameters which may influence the measurements remain
constant, e.g., environmental conditions. Further signal processing and modelling
which would be necessary in order to take such influences into account as well as to
reach the next steps of the damage identification process in SHM (localization, eval-
uation of a damage) would go beyond the scope of this thesis. In order to estimate
the reproducibility of the results, an artificial and reversible damage was introduced
which allowed to reversibly switch between the undamaged and the damaged state.

4.2 Methods and Experimental Setup

4.2.1 Guided Wave Based Method

Guided or structural waves are elastic waves which propagate in wave guides such as
plates or pipes. Their energy is guided within the boundaries of the structure and
they can therefore propagate relatively long distances. Moreover, they are reason-
ably sensitive to damages located anywhere between the two boundaries since the
waves produce stresses throughout the thickness [2] — as long as the frequencies are
not too high since otherwise the waves would propagate only at the surfaces. For
these reasons, guided waves (GW) are interesting for damage detection, particularly
in SHM applications as the increasing number of publications in recent years indi-
cates (e.g., [16], [21], [23], [34], [58], [75]). A review on GW based damage detection
in composite structures can be found in [77].

The use of Lamb waves for NDT was first proposed by Worlton [89]. For damage
detection it is required that the waves are sensitive to defects. Therefore, the inter-
action of the waves with different types of defects in plate-like metallic or composite
structures was studied by several researchers (e.g., [2], [22], [41], [53], [68]). If a
defect is present, the waves can be scattered, reflected, converted, attenuated, or
shifted in phase. Depending on the defect type, certain wave modes may be better
suited for detection due to stronger interaction with the damage. For delaminations
between the face sheet and the core material of a sandwich structure (e.g., honey-
comb plate), Rose [68] obtained that the amplitudes of the waves propagating in
the face sheet were larger for the damaged then for the undamaged state since the
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attenuation caused by the core was smaller.

Similar to classical ultrasonic testing, there are two general configurations for
GW based damage detection, the pulse-echo and the pitch-catch configuration. For
the former configuration only one transducer which is used as both emitter and re-
ceiver is needed and the reflected waves at defects are considered. For the latter two
transducers are applied and the transmitted waves from the emitter to the receiver
are evaluated. In a structure with a built-in SHM system the transducers are perma-
nently attached to or embedded into the structure to be monitored. For monitoring
large structures, several transducers might be connected to a sensor network where
each transducer acts once as emitter and otherwise as receiver. Further, a perma-
nently installed monitoring system allows for performing measurements throughout
the life of the structure. Hence, measurements can be compared with a baseline
(or reference) measurement carried out at the beginning of the monitoring period.
With the assumption that changes in the measured signals are caused only by dam-
ages, the difference between the actual measurement and the baseline measurement
can be considered. The determination of the difference allows for eliminating signal
features from any existing structural components and enables the GW method to
be applied also to more complex structures than plates or pipes.

Important factors for GW based damage detection are the properties of the
monitored structure, type and coupling of the transducers, types of excitation sig-
nals, optimal sensor location, sensor validation, and signal processing (|85, [74]).
The structure which is used for the investigations presented here is an aluminum
sandwich plate. To find out its properties concerning wave propagation and damage
interaction, preliminary investigations were performed (Sec. 4.4). Beside AFCs, also
MFCs and piezoceramic transducers were applied since these are commercially avail-
able. The transducers were permanently mounted on the surface of the specimen.
In order to determine the optimal length of the AFCs/MFCs, the findings from the
characterization of the AFC (Chap. 3) are used. The considered frequencies were
between 40 kHz and 440 kHz which is a reasonable range for Lamb wave based
damage detection and for the application of AFCs although the Ay mode within a
1 mm thick aluminum plate is highly dispersive in this region. Only simple signal
processing was performed (see below) since only changes in the measured signals
caused by a damage should be observed. Other aspects such as sensor validation,
reliability, or environmental influences would go beyond the scope of this thesis.

Setup

The experimental setup is shown in Fig. 4.1. Except for the use of the laser in-
terferometer, the setup and the instruments were the same as those used for the
investigation of the AFC as receiver (see Sec. 3.4.2 for details). The excitation sig-
nal was generated as a vector with discrete values with sufficiently high resolution in
time in a computer with LabVIEW® and uploaded via GPIB to the function gener-
ator which converted the vector into an analogue voltage signal with an amplitude
of 1 V or 2 V. The signal was amplified by a factor of 100:1 before being guided
to the piezoelectric transducer used as emitter. To monitor the amplified excitation
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signal it was additionally sent through a voltage divider. Both the signal sent to
the emitter and the signal from the receiver were visualized by an oscilloscope and
digitized either with the NI-card or the oscilloscope, both triggered by the function
generator. The sampling frequency was set to 10 MHz and the record length to
5’000 or 10’000 samples. In order to minimize random errors each measurement was
repeated 100 times with a trigger rate of 50 Hz. The data were averaged before
being saved on the computer.

PC with GPIBL! Oscill
LabVIEW® | » Oscilloscope
A A T A A T
N
pu
GPIB
A
Function Receiver
Generator
Voltage
. i Damage
Trigger D|V|::Ier
‘ MM Emitter Structure
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Figure 4.1: Schematics of the experimental setup for the investigations with the GW
method.

As excitation signal, a sinusoidal tone burst with 5 cycles modulated with a
Hanning window was used due to its limited frequency content in spite of its short
duration. Measurements were consecutively performed with increasing center fre-
quencies from 50 kHz to 400 kHz in steps of 50 kHz or from 40 kHz to 440 kHz
in steps of 20 kHz. In order to control the whole measurement procedure — includ-
ing the generation of the excitation signal, the data acquisition, and data storage
—, the same LabVIEW®-routine as used for the characterization of the AFC (see
Sec. 3.4.2) is used.

Processing

As already obtained in the experiments for the characterization of the AFC used as
receiver, the voltage signal measured with the piezoelectric transducer was super-
posed by a sinusoidal voltage signal with a frequency of 50 Hz caused by the power
supply of the measurement instruments and induced over the electrical ground.
Since the duration of the recorded signal was much shorter than the period of the
disturbance, the signal seemed to be superposed with a linear function. Therefore,
every measured signal was corrected by subtracting its linear regression curve before
further signal processing.

Beside considering the corrected time histories before and after a damage oc-
curred, the difference of these two signals were determined in order to point out the
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changes caused by the damage. Since the difference of the time signals is sensitive
to phase shifts between the two signals, e.g., caused by temperature shifts [16], the
envelope function, based on the Hilbert transform, was calculated for all considered
time histories. For a better comparison with the amplitudes of other measurements,
the time signal was additionally transformed with conventional FFT techniques into
the frequency domain and the amplitude spectrum of the discrete Fourier transform
(DFT) was plotted. Before the transformation, a Tukey window was superposed
on the time signal for extracting the time sequence of interest. The FFT was per-
formed with 2'® points although the record length was much shorter (zero padding,
see Sec. 3.2.4 for details). All signal processing was carried out with MATLAB®.

4.2.2 Electro-Mechanical Impedance Method

Impedance denotes the ratio between input and output of a system. The mechanical
impedance of a structure is hence defined as the ratio between a harmonic excita-
tion, e.g., an external force acting on the structure, and the structural response,
e.g., the velocity at an arbitrary point of the structure, in the stationary state. It
includes therefore mass, damping, boundary conditions, stiffness and spatial loca-
tion and it is a frequency dependent complex number. A structural damage will
yield changes in the stiffness and damping characteristics of the structure and hence
affects its mechanical impedance. For the electro-mechanical impedance methode
(EMI method) the same piezoelectric transducer bonded to the structure is used for
exciting the structure as well as for measuring its response [44]. Due to the electro-
mechanical coupling of piezoelectric material, changes in the mechanical impedance
of the structure can be observed by monitoring the electrical impedance of the
bonded transducer and by comparing this to a baseline impedance measurement.
The frequency dependent complex electrical impedance of an electrical device is de-
fined as the ratio between the applied, alternating electrical voltage and the resulting
current in the stationary state. The former is needed for the excitation while the
latter contains the response of the coupled transducer-structure-system and hence
informations about the mechanical impedance of the structure.

The use of electro-mechanical impedance measurements with bonded piezoelec-
tric elements for SHM was first proposed and theoretically investigated by Liang
et al. [44] and subsequently developed in particular by the groups around Liang
and Rogers (e.g., [78]), Park and Inman (e.g., [59], [57], [61], [73]), and Giurgiutiu
(e.g., [25], [26]). An overview on piezoelectric impedance-based health monitoring
is given in [60]. Liang et al. [44]| described a one-dimensional coupled electro-
mechanical model consisting of an axial PZT transducer which is attached on one
end to a single degree-of-freedom spring-mass-damper system and fixed on the other
end. The electrical admittance, which is the inverse of the electrical impedance, is
then given by

— iwa & — Zs(w) 2 v E
Y(w) - (533 Zs(UJ) + Zp(w) d3xy;cx> (41)

where a is a geometry constant for the PZT, &7; is the complex dielectric constant
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of the PZT element at constant stress, Zg and Zp are the mechanical impedance of
the structure and the PZT element, respectively, ds, is the piezoelectric constant,
and Y, is the complex Young’s modulus of PZT at constant electric field. For
the EMI method it is assumed that the mechanical and electrical properties of the
PZT remain constant over the period of monitoring. Hence, as shown in Eq. (4.1),
changes in the mechanical impedance Zg of the structure uniquely affects the electri-
cal admittance (or impedance) of the bonded PZT element. Consequently, changes
in the electrical admittance can be attributed to structural damages. The electrical
admittance is primarily capacitve since PZT is a dielectric and the imaginary part of
the admittance is dominant (Y = iwagd;, where aé; corresponds to the capacitance
of the PZT). However, the dielectric constant £4; shows relatively large temperature
dependence and, therefore, the real part of the admittance (or impedance) is mainly
used for monitoring applications [60]. Further, changes in the mechanical impedance
of the structure are more distinctly exhibited in the resistive portion (real part) of
the electrical impedance of the PZT element [60]. The imaginary part, on the other
hand, is more sensitive to changes in the properties and the coupling of the PZT
element [27]. The EMI method typically utilizes frequencies in the tens to hundreds
of kilohertz range. With increasing frequency the sensing region of the transducer
decreases but the sensitivity to smaller defects increases [60].

The electrical impedance signature of the transducer bonded to the structure
will contain resonance peaks of the coupled transducer-structure system. In order
to reduce the contributions of the transducer behavior, a non-resonant transducer is
well suited for the EMI method. By using an AFC which is permanently bonded to
the structure, the strong coupling leads to a non-resonant behavior which is domi-
nated by the dynamics of the structure. Further, the coupling enhances the energy
transfer from the transducer to the structure and vice versa. This is important in
order to excite the structure and to measure its response.

The application of the EMI method with surface bonded AFCs for damage de-
tection in various model structures such as composite plates or bonded joints has
already been investigated at Empa (e.g., [5]). It has been shown that AFCs are gen-
erally suitable for this purpose. Hence, no preliminary investigations were necessary
as for the GW method.

Setup

In order to simultancously measure the voltage and the current over an electrical
impedance Z, here the piezoelectric transducer bonded to the structure, a resistor R
in series with the impedance Z was used [5] (see Fig. 4.2). With the measured voltage
over the resistor R, the current through it, which is equal to the current through the
impedance Z, could be calculated. For recording a spectrum, the impedance was
measured stepwise at changing frequencies. At each step a harmonic voltage V. (t)
was applied and the two voltage signals Vg (t) = Ri(t) and V() were recorded. The
whole measurement procedure (generation of the excitation signal, measurement,
and storage) was performed and controlled with LabVIEW® installed on a computer
and for the digitization of the voltage signals to be measured an analog-digital
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converter with two channels for simultaneous recording (type NI PCI-6115 from
National Instruments) was used. In order to determine the complex impedance for
each frequency, amplitude and phase of the two digitized voltage signals relative to
each other were calculated in LabVIEW® with a process similar to the principle
of a lockin amplifier. Several, usally three, measurements were averaged to yield
one data point, each containing the frequency, the real and imaginary part of the
complex impedance. The measurement system, which was developed at Empa before
this project has started, allowed for measuring the electrical impedance in the range
between about 100 Hz and about 2 MHz with excitation voltages up to 5 V. The
electrical impedance of the test setup including the cables (except for the short
contact wires of the piezoelectric elements) was determined separately and accounted
for.

EMI-measurement system

(PC with LabVIEW® and NI card) R
[ it
Y L
V(1)
Y
Vex(t) ¢ Transducer Z
Vz(t)
v

:: Damage

Structure

Figure 4.2: Schematics of the experimental setup for the investigations with the
EMI method.

Processing

The impedance spectra is plotted as real and imaginary parts, Re(Z) and Im(Z), of
the complex impedance Z. Since for damage detection the real part is of major in-
terest (see above), only this part was considered. Beside the measured spectra before
and after a damage occurred, the difference between the two spectra was determined
and plotted to emphasize the changes. No further analyis was performed since it
should only be demonstrated that changes caused by a damage were observable.
The signal processing was carried out with MATLAB®,

4.3 Materials

4.3.1 Test Specimen

The structure to be monitored was an aluminum sandwich plate. It consisted of
aluminum face sheets with a thickness of 0.9 mm or 1 mm. The core material was
a hardfoam (C70.55 from Alcan Airex AG, Sins, Switzerland) with a thickness of
30 mm. The face sheets and the core material were compounded under pressure with
a two component adhesive (Collano A 2112 from Collano Adhesives AG, Sempach,
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Switzerland). Several plates with different dimensions were used. A quadratic plate
(indicated as P1-A) with the dimensions of 1,400 mm x 1,400 mm x 31.8 mm with
two 0.9 mm thick face sheets on each side of the core was produced by Alcan Airex
AG, Sins, Switzerland. Other plates with smaller dimensions (see text below) were
produced at Empa and consisted of the core material and one 1 mm thick face sheet
bonded to one side of the core.

4.3.2 Transducers

Three types of transducers were used. For the preliminary investigations piezoce-
ramic disc transducers (type PZ26 from Ferroperm-Piezoceramics, Denmark) with
a polarization through the thickness were applied since they are cheap and com-
mercially available. The dimensions are 10 mm in the diameter and 1 mm in the
thickness for all elements used for this part of the thesis. They are permanently
bonded and electrically contacted as already described in the previous chapter (see
Sec. 3.4.1). For one test series two shortened MFCs with an active length of [, =
16.5 mm were used (designated to MFC-1 and MFC-2) since MFCs were commer-
cially available and, hence, cheaper than the hand made AFCs. They were cut from
a commercially available MFC (type M-8528-P1 from Smart Material GmbH, Dres-
den, Germany) with an active area of 50 mm x 20 mm. The length of the shortened
MFC has been chosen in order to get a maximum for the Ay and a minimum for
the Sg mode in the transfer functions at a frequency of 300 kHz when the MFC is
bonded on a 0.9 mm thick aluminum plate although it was bonded on the sandwich
plate. However, as shown in the next section, the transfer behavior is approximately
similar. For the final experiment two AFCs (designated as AFC-4 and AFC-5) with
standard design were shortened to an active length of [, = 20 mm which yielded a
maximum for the Ay mode and a minimum for the Sg mode at a frequency of about
235 kHz when the AFC is bonded on a 1 mm thick aluminum plate. In order to
minimize the discrepancy between the predicted and the effective transfer behavior
caused by the effective active length of the AFC (see page 60 in Sec. 3.5.1), the total
length [;,; has been set to 21 mm. A total length equal to the active length was
not possible without damaging the electrodes. The procedure of cutting, bonding
(permanently), and contacting the MFC/AFC is essentially described in Sec. 3.4.1.
The dimensioning process for the MFC/AFC is described on page 67 in Sec. 3.5.1.

4.4 Preliminary Investigations on a Sandwich Plate

Experiments were performed to separately investigate some aspects of wave propa-
gation and damage detection in a sandwich plate. The investigations are guided by
the following questions:

e What kinds of wave modes propagate in a sandwich plate as described above?

e How do delaminations affect the waves propagating in such a plate?
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e How can artificial and reversible delaminations produced and how realistic are
these artificial damages?

e How can the directionally and frequency dependent emitting and receiving
capabilities of AFC be used in a profitable way?

4.4.1 Wave Propagation

The wave propagation in the aluminum sandwich plate was investigated experi-
mentally and numerically. For the experiments a piezoceramic disc transducer was
bonded to the center of the quadratic plate (P1-A). The transducer was excited with
a tone burst (5 cycles with a Hanning window) with specific center frequencies be-
tween 50 kHz and 400 kHz. The peak-to-peak amplitude of the amplified excitation
signal was around 400 V. The radial IP and OoP component of the surface velocity
at several points at increasing distance from the transducer were measured with the
laser interferometer (see Sec. 3.4.2 for details) on either side of the sandwich plate.
For the measurements, the plate was mounted vertically with cords fixed at the two
upper corners to achieve virtually free boundary conditions.

Simulations were performed with the help of the 2D model presented in the
previous chapter. The model was extended with the core material which was added
underneath the aluminum plate with the surface bonded piezoelectric element. The
core material was assumed to be linear elastic, isotropic, and homogeneous (elastic
modulus E = 69 MPa, Poisson’s ratio v = 0.4, density p = 60 kg/m?, according to the
manufacturer’s data sheet). The bonding layer between plate and core was neglected
as well as the face sheet on the opposite side of the core and any energy dissipation.
Further, to simplify matters, the same piezoelectric element as already programmed
for the investigation of the AFC was used, i.e. the polarization is along the plate
instead of perpendicular to it and the material parameters are equal to those of the
AFC. However, the dimensions were adjusted to those of the piezoceramic transducer
used within the experiment. It is mentioned that for the 2D model a plane strain
state in a cartesian coordinate system was assumed, i.e. the piezoelectric element
and the plate are infinitely wide along the direction perpendicular to the cross section
represented by the model. On the other hand, the situation in the experiment in
which piezoceramic discs were applied is rotation-symmetric. For all these reasons
a comparison of the simulation with the experiment can only be done qualitatively.

Fig. 4.3 depicts the total displacements in the cross section through the aluminum
face sheet and the core material 60 us after excitation with a center frequency of
100 kHz. A faster and a slower wave packet can be seen in the aluminum plate. In
spite of the presence of the hardfoam the waves are approximately equal to the S
and Ay Lamb wave modes in a plate with traction-free boundaries. This is reasonable
since the acoustic impedance (density times wave velocity) for the aluminum is more
than hundred times higher than for the hardfoam, i.e. most energy is reflected at
the interface like at a free boundary. In the core material bulk waves appear since
the core’s thickness is much larger than the wavelengths (Apre < deore). Each
Lamb wave mode which propagates in the face sheet excites P and SV waves in the
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Figure 4.3: Total displacements calculated with the 2D model in a cross section
through the aluminum face sheet and the core material 60 us after initiation of the
excitation (5-cycle tone burst, Hanning window, center frequency of 100 kHz). The
thicknesses are enlarged for better visualization.
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Figure 4.4: Simulated (red) and measured (black) IP (upper diagrams) and OoP
(lower diagrams) surface velocities on the front (left diagrams) and back (right di-
agrams) side of the plate, normalized by the maximal amplitude of each dataset.
For the simulation, the data for the back side correspond to the velocities at the
lower free surface of the core material, while for the experiment they correspond to
those at the free surface of the lower face sheet. The velocities were recorded in
a distance of 50 mm from the transducer used for excitation (5-cycle tone burst,
Hanning window, center frequency of 100 kHz).

core. The obtained wave field within the core can be explained with the Huygen’s
principle.

It is expected that similar to the upper face sheet Lamb wave modes would be
developed also in the lower face sheet as soon as the bulk waves within the core
reach the lower interface. But again only little energy would be transmitted to
the aluminum plate due to the mismatch in acoustic impedance. Although the
lower face sheet is not modeled, a qualitative comparison with experimental results
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is given in Fig. 4.4. The time histories for the IP and OoP velocity, normalized
by the maximal amplitude of each dataset, were recorded in a radial distance of
50 mm from the excitation point and on both sides of the sandwich plate. For the
simulation, the velocity on the lower free surface of the core material is presented.
On the front side the first wave packet with mainly IP components corresponds
to the Sy mode, followed by the Ay mode with mainly OoP components. Results
from the simulation and from the experiment are in good agreement. On the back
side the situation is much more complex but still good agreement is achieved. The
retardation corresponding to the time needed by the wave to travel through the
core can easily be seen in both, the simulation and the experiment. This confirms
the results from the simulation. It has to be mentioned that for the measured
time histories shown in Fig. 4.4 the maximal amplitudes of the IP and OoP surface
velocities measured on the back side are about 13 and 50 times, respectively, smaller
than on the front side. This explains also the signal-to-noise ratio which is poorer
on the back side.

One can conclude that for a sandwich plate as used here and in a frequency range
where the core’s thickness is much larger than the lengths of the wave within the
core material (Acore < deore) the waves propagate mainly in the face sheet where the
excitation was applied. Only little energy is transmitted to the core material. The
waves within the face sheet are approximately equal to Lamb waves, and no wave
modes through the whole thickness of the sandwich plate exist in the considered
frequency range. Consequently, the findings as presented in the former chapter,
particularly the transfer functions, are approximately valid also for the sandwich
plate as used for this part of the work.

4.4.2 Damage Detection

Several series of measurements with the GW method on the quadratic sandwich
plate (Pl-A) were carried out in order to examine the effect of delaminations be-
tween face sheet and core material on the wave propagation. The delaminations
were achieved mechanically by punching a 1 mm thick and 12 mm or 50 mm wide
steel sheet between plate and core, starting from the edge of the sandwich plate.
This allows for measuring the reference state without any damage and, hence, for
obtaining changes in the measured signals after the damage is introduced. The wave
pulses were excited and measured with the help of surface bonded piezoceramic disc
transducers or MFCs in a pitch-catch configuration. Laser measurements were addi-
tionally performed which allows for observing free of contact the propagating waves
at any point on the plate surface. For the measurements, the plate was mounted
vertically either by hanging it up with the two cords fixed at the corners or by
putting it down on the floor on one edge and leaning it against a table for stabili-
sation. Pieces of hardfoam were positioned between the plate and the floor or the
table, respectively, to minimize the influence of the supporting points. Moreover,
the plate was positioned in such a way that the supporting points were as far away
from the delamination and transducers as possible. Since the findings were similar
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for all measurement series, the results of two series are presented here for illustrating
the behavior.

Delamination Detection with Piezoceramic Transducers

Two piezoceramic disc transducers (10 mm in diameter, 1 mm in thickness, des-
ignated as P1 and P2) were bonded on the front side of the sandwich plate at a
distance of 50 mm from one of the plate’s edges. The distance between the two
transducers was 300 mm (see Fig. 4.5). All other boundaries of the plate were
far away so that reflections could not interfere with the waves of interest. First,
measurements at several frequencies as described in Sec. 4.2.1 were carried out for
recording the baseline. Then, a delamination in a distance of 200 mm from the
transducer P1 and with an area of nominal 10 mm x 150 mm was introduced just
underneath the front face sheet with the help of the 12 mm wide steel sheet (damage
state 1, DS-1). Repeated measurements have been performed before and after the

delamination was extended with the 50 mm wide steel sheet to an area of nominal
50 mm x 150 mm (DS-2).
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Figure 4.5: Schematic arrangement (dimensions in [mm]) for the delamination de-
tection in the aluminum sandwich plate with piezoceramic transducers.

Fig. 4.6 shows in the upper diagram the envelopes before (baseline) and after
the first delamination step. Since the differences between the two time signals is
relatively small, only the time history of the undamaged state is depicted for better
visualization. The excitation signal (5-cycle tone burst, 300 kHz, 400 V peak-to-
peak, Hanning window, starting at ¢t = 50 us) was applied to the transducer P1,
while transducer P2 was used as receiver. The first measured pulse at 50 us ap-
peared due to electro-magnetic coupling over the electrical ground (aluminum plate
for both transducers) and should be ignored. The wave packet arriving at 110 pus
corresponds the Sqg mode. There are much more cycles than within the excitation
signal which can be attributed to vibrations of the emitting transducer, whose first
planar resonance frequency was near below the center frequency of the excitation
signal. The excitation of the planar resonance with mainly IP deformations explains
also why the Ay mode which arrives at 160 ps has much smaller amplitudes than
the Sg mode. The diagram in the middle shows the difference of the two measured
time signals. It indicates that changes were observable for both wave modes. The
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Figure 4.6: Results of the measurements with the disc transducer P2: time history
and envelopes of the undamaged state (red) and envelopes of the damage state DS-1
(black) and the time window used for calculating the DFTs (top); the difference of
the two time signals (middle); and the amplitude spectra of the DFTs for all damage
states (bottom). Transducer P1 was used for excitation (5-cycle tone burst, Hanning
window, center frequency of 300 kHz, starting at ¢ = 50 us). The pulse at 50 us
appeared due to electro-magnetic coupling over the electrical ground and should be

ignored.
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differences within the Sy mode seem to be relatively large although the amplitudes
in the measured signals are almost equal. The reason for this are small phase shifts
which may have been caused by the damage or by even small variations in the room
temperature; a temperature difference of 2°C which is in a realistic range leads to
a time shift of approximately 0.03 us (estimated as described in [16]). This is in
the range of the time shift between the measured signals. Therefore, for all results
presented below, the respective measurements were carried out in a relative short
time period so the temperature can be assumed to be constant. To emphasize the
changes in the amplitudes one can consider the differences of the envelopes or the
amplitude spectrum of the DFT. The lower diagram depicts the DFTs of the time
signals of the damage-free state and the two damaged states. The time window used
for the calculation of the DFT was set from 90 us to 300 us, i.e. both wave modes
were included. Although the center frequency of the excitation was at 300 kHz, the
main peak is around 260 kHz which corresponds to the planar resonance frequency
of the emitter and the receiver. The changes from the baseline to the first damage
state are small and vary over the respective frequency range. While for frequencies
around 250 kHz the amplitudes are increased after the delamination compared to
the baseline, the amplitudes decrease for frequencies around 280 kHz. However,
for the extended delamination the amplitudes increased significantly over the whole
frequency range. This seems reasonable since less energy is transmitted to the core
when a delamination right underneath the face sheet is present. Similar results were
presented by Rose for a honeycomb structure [68].

By looking also at the evaluations at other frequencies and at the results of
additional measurement series (not shown) it turned out that the amplitudes of
both wave modes increase compared to the baseline as long as the waves propagate
over the delaminated area. This effect seems to be more pronounced for frequencies
above 200 kHz and for larger delaminated area. This is reasonable since the ratio
of the damage size to the wavelength is larger. Significant changes in the signals
will be only obtained if the delaminations were introduced underneath the face
sheet where the transducers were placed. Delaminations on the opposite side of the
core could not be detected by these transducers. This is reasonable since virtually
no energy is transmitted through the core material. Further, scattering effects,
reflections, or mode conversions at the defect could not be observed with the setup
and measurement procedure used for the experiments presented here. However, it
can not be concluded that such effects are not present.

Some of the measurements were also performed with reduced voltage amplitudes
of the excitation signal. The same results could be obtained even if the emitter is
excited with only 10 V instead of 200 V like for the experiments presented above.

Delamination Detection with MFC

The arrangement of two MFCs (MFC-1 and MFC-2) in a pitch-catch configuration
and the delaminated area is given in Fig. 4.7. The MFC were positioned at a
distance of 200 mm from the defect which was located in the middle of one edge
of the quadratic sandwich plate (P1-A). The fibers of the MFC were oriented in
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an angle of 45° to the edge of the plate in such a way that the waves emitted in
fiber direction were reflected at the boundary of the plate and propagated then in
fiber direction of the receiver. Other boundaries were sufficiently far away so that
unwanted reflections did not disturb the wave packets of interest. The MFC had an
active length of 16.5 mm which resulted in a maximum and minimum in the transfer
function of the Sg and Ay mode, respectively, at 300 kHz for the 0.9 mm thick face
sheet. This was chosen in order to excite mainly the Ay mode which is much more
focused on the fiber direction than the Sp mode. The delamination underneath the
plate with the surface bonded MFCs was introduced in four steps. First, the 12 mm
wide steel sheet was punched into the bonding layer between face sheet and core up
to a depth of 50 mm (DS-1) and later to 100 mm (DS-2). Then, the wider steel sheet
was used to widen the delamination to 50 mm again up to a depth of 50 mm (DS-3)
and later to 100 mm (DS-4). Before and after each damage state measurements were
performed as described in Sec. 4.2.1. For comparison, piezoceramic disc transducers
(designated as P3 and P4) were used with the same arrangement and measurement
procedure but on another edge of the sandwich plate (P1-A).
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Figure 4.7: Schematic arrangement (dimensions in [mm|) for the delamination de-
tection in the aluminum sandwich plate with MFCs.

After glueing the first MFC, laser measurements were carried out for investigating
the emitting capabilities of the MFC and for determining the undisturbed surface
velocity at the position where the second MFC would be placed. Transfer functions
for the Sy and Ay mode as described in Chap. 3) were estimated. For this, the
MFC was excited with tone burst signals (5 cycles within a Hanning window) at
varying center frequencies and the IP and OoP surface velocities at a distance of
100 mm in fiber direction from the center of the MFC were measured. Reflections
from the boundary of the sandwich plate prevent from measuring the undisturbed
transfer functions, however, a minimum of the Sy mode and a maximum of the A,
mode at a frequency of 300 kHz could be observed (see App. D.1). In spite of the
maximum in the transfer function at 300 kHz, the emitted Ay mode was virtually not
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detectable with the laser interferometer at the position of the second MFC because
it was damped out almost completely after propagating over a distance of 400 mm
and being reflected at the boundary (see App. D.2). The Sy mode had also small
amplitudes which was expected due to the minimum in the transfer function. By
way of contrast, the waves, in particular the So mode, excited by the piezoceramic
transducer (P3) at the same frequency could still be measured in a distance of
400 mm. This seems reasonable since the resonance of the disc transducer leads to
larger deformations during electrical excitation and thus to higher amplitudes of the
emitted waves. For all these reasons the data were evaluated at 100 kHz instead
of 300 kHz. Diagrams of the laser measurements at the position of the receiver are
presented in App. D.2.

Fig. 4.8 shows the results of the measurements from MFC-1 to MFC-2 and from
P3 to P4 for different damage steps. The emitter (MFC-1 or P3) was excited with a
tone burst (5 cycles with a Hanning window) at a center frequency of 100 kHz and
with a peak-to-peak amplitude of around 400 V. The excitation started at ¢ = 50 us.
The time signal in the upper diagrams was recorded with the receiver (MFC-2 and
P4) for the damage state DS-2. The envelopes are drawn for the damage states DS-2
and DS-3. The diagrams in the middle show the difference of the time signals of
DS-2 and DS-3. However, the DFTs in the lower diagram are given for the baseline
and the damage state DS-4. The DFTs were calculated from the time signals within
a time window from 100 wps to 390 us, i.e. all wave modes are included which
explains the appearance of several peaks in the spectra (constructive or destructive
interferences of the wave packets with each other).

The well marked wave packets measured with the piezoceramic transducer P4
correspond one after the other to the direct Sy mode (arrival time ¢ = 105 us) which
also overlapped with the Sy mode reflected from the boundary of the plate (¢t =
125 ps), to the direct Ag mode (¢ = 220 us approximately), and to the reflected A,
mode (¢ = 290 us approximately). The waves after 370 us are then reflections from
other boundaries of the plate. The reflected Sg and Ay mode are also indicated in the
difference of the time signals where relatively large changes due to the delamination
can be seen in the corresponding time range. From the results for all damage states,
it was obtained that the deeper the delamination the more affected were the waves
which propagated on the direct path.

Two major differences between the measurements with the disc transducer and
the MFC can be obtained. First, there is an additional well marked wave packet
within the time signal from MFC-2 with maximal amplitudes at ¢ = 170 pus. On
the one hand, this wave packet might be attributed to the reflected So mode which
should have larger amplitudes due to the directionally dependent emitting and re-
ceiving capabilities of the MFC than the reflected Sp mode measured with the disc
transducer. On the other hand, the additional wave packet might be the SHy mode
which was emitted by the MFC-1 at an oblique angle to its fiber direction, propa-
gated toward the receiver on the direct path, and theoretically arrived there at ¢t =
140 ps. Second, the direct Ay mode as expected has much smaller amplitudes when
excited and measured with the anisotropic MFC than with the disc transducers.
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Figure 4.8: Results of the measurements with the MFC-2 (left diagrams) and the disc
transducer P4 (right diagrams): time histories and envelopes for the damage state
DS-2 (red) and envelopes of DS-3 (black) and the time window used for calculating
the DFTs (top); the difference of the two time signals (middle); and the amplitude
spectra of the DFTs (bottom) for the undamaged state (red) and damage state DS-4
(black). MFC-1 and disc transducer P3 was used for excitation (5-cycle tone burst,
Hanning window, center frequency of 100 kHz, starting at ¢ = 50 us).
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Regarding the difference of the time signals from the MFC-2, it can be seen that
it varies significantly also between 190 us and 300 us, i.e. within the time range
between the reflected Sg and Ay modes. The causes for these changes and why they
are more pronounced for the MFC are not obvious. One possibility might be con-
verted wave modes from the boundary and/or the delaminated area which are better
detected by the MFC than by the disc transducer and which are more affected by
changes in the specimen.

One can say that relative to the total emitted energy more energy is emitted
toward and received from the damaged area when MFCs are applied than when disc
transducers are used. Therefore, the relative variations in the signals measured with
the MFC should be theoretically more pronounced. This seems to be confirmed
when looking to the lower diagrams of Fig. 4.8 where the DFTs for the baseline and
the damage state DS-4 are depicted. The difference between the two DFTs — an
increase in the amplitudes for most frequencies — is much larger for the measure-
ment with the MFCs than for that with the disc transducers. However, it must be
mentioned that not the same delamination was measured with the two transducer
types, i.e. differences in the introduced delaminations might lead to similar findings.
Hence, with the results from this investigation it is not possible to conclude whether
the application of the MFC with its directionally dependent behavior or of the disc
transducers with its rotation-symmetric behavior is advantageous. For a quanti-
tative comparison of the performance of different transducer types, it is therefore
essential to be able to introduce artificial damages in a reproducible and reversible
way.

4.4.3 Reversible Delamination

It is known from the investigation of the wave propagation in the sandwich plate
that no wave modes through the whole thickness of the plate exist in the considered
frequency range (Acore < deore) and that only little energy is transmitted through
the core material. Hence, for this type of sandwich, for the wave which propagates
in one of the face sheets it does not matter whether the other face sheet is present
or not. Therefore, one can consider a specimen consisting of only one face sheet and
the core material. That enables a better access to the core material not limited to
the edges of the plate.

For the wave within the face sheet a delamination between the face sheet and the
core material is in a simplified manner comparable to a change in the boundary con-
ditions from an interface to a free surface. For having access to the lower boundary
of the face sheet a specimen was produced with a small section without permanently
bonded hardfoam (see Fig. 4.9). The missing element was then reversibly coupled
to the face sheet with a couplant which enables the stress transfer between face
sheet and hardfoam. For simulating a delamination one could remove the hardfoam
element, clean both planes from the couplant, and reinsert the element. The lack
of couplant sufficiently inhibited the transfer of energy between the face sheet and
the core. It is assumed that the adhesive which is used for permanently bonding the
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Figure 4.9: Schematic arrangement (dimensions in [mm]) for the detection of re-
versible delaminations in the aluminum sandwich.

face sheet with the core material transfers both normal and shear stresses. Hence,
the couplant has to be incompressible as well as viscous. Measurements with several
couplants showed that honey is best suited due to the easy handling, low price and
because it can be washed away with water. When applying the couplant one has to
make sure that the layer is as thin as possible to minimize its influence, in particu-
lar the damping. For smoothing the rough surface of the hardfoam one side of the
element which was meant for contacting the face sheet was covered with a thin layer
of the same adhesive as used for permanently bonding. During the curing process
of the adhesive the element was pressed on a Teflon foil which was lying on a plane.
The Teflon allowed for removing the element easily. This procedure resulted in an
even and smooth surface on one side of the core element.

Several measurement series with the GW method were carried out in order to in-
vestigate the proposed method for producing artificial and reversible delaminations.
The results of one series are presented here. The specimen consisted of an aluminum
face sheet and a hardfoam core with a thickness of 1 mm and 30 mm, respectively.
Piezoceramic disc transducers were used in a pitch-catch configuration. For the
measurements, the plate was simply put on a table with the face sheet upwards.

The removable core element (40 mm x 40 mm) of the specimen (250 mm x
40 mm, designated as P1-B) was in the middle of the specimen’s length. The trans-
ducers (designated as P5 and P6) were positioned at either end of the plate (see also
Fig. 4.9). After measurements with and without couplant (honey) the core element
was glued permanently into the gap with the same adhesive as used for bonding
the other parts of the core. The measurement was repeated before a delamination
with the same dimensions as before was mechanically introduced by punching a steel
sheet between face sheet and core. A comparison between the time histories mea-
sured with the reversibly (with couplant) and permanently (with adhesive) coupled
core element and with a reversible (without couplant) and irreversible (mechanically
damaged) delamination is given in Fig. 4.10. The transducer P5 was excited with
a tone burst (5 cycles with a Hanning window, starting at ¢ = 50 us) at a center
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Figure 4.10: Results of the measurements with the disc transducer P6: time histories
and envelopes for the undamaged (red) and damaged state (black) for the irreversible
case (top) and the reversible case (bottom). The disc transducer P5 was used
for excitation (5-cycle tone burst, Hanning window, center frequency of 100 kHz,
starting at ¢ = 50 us).

frequency of 100 kHz and a peak-to-peak amplitude of around 200 V while P6 was
used as receiver.

It can be seen that the delamination causes an increase of the amplitudes of all
present wave modes as it was also obtained in the measurements presented before.
However, the differences between the undamaged and damaged state are larger for
the reversible delamination than for the irreversible one. The reason for this might
be on the one hand the couplant which leads to a higher damping than the permanent
bonding layer and on the other hand the free surface of the artificial delamination
which represents an idealized debonding with less damping than a more realistic
damage. Nevertheless, the changes within the situation with the reversible damage
are qualitatively comparable with the other ones.

4.4.4 Conclusion

From the preliminary investigations the following conclusions can be made:

e Within an aluminum sandwich plate (as used for the experiments presented
here) the waves propagate mainly in the face sheet where the excitation was
applied. The waves behave like Lamb waves. No wave modes through the
whole thickness of the sandwich plate exist in the considered frequency range.

e Delaminations between face sheet and core material lead to changes in the
measurement signals and thus they are virtually detectable. It was obtained
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that the waves which propagate over the delaminated area had higher ampli-
tudes compared to the undamaged case. This effect was more pronounced for
higher frequencies and for larger delaminations.

e Delaminations can be artificially produced by reversibly coupling and decou-
pling the face sheet and the core material with a coupling agent, namely honey.

e The use of MFC leads to changed measured signals in a pitch-catch configura-
tion compared to measurements with piezoceramic transducers, in particular
when the fiber directions of the two MFCs are in an oblique angle to each
other. The special emitter and receiver characteristics of AFC/MFC can yield
more difficult signal interpretation which can be considered as a drawback.

4.5 Final Experiment

The findings of the preliminary investigations had been used for the conception of the
final experiment. Within this investigation artificial and reversible delaminations in
an aluminum sandwich plate were detected with the help of AFCs which were used as
emitter and receiver for both the GW method and the EMI method. For comparison,
the same measurements were carried out with piezoceramic disc transducers. The
experimental setups and the materials are described in details in Sec. 4.2 and 4.3,
respectively, additional informations are given below.

4.5.1 Arrangement and Measurement

The specimen (designated as P1-C) consisting of one 1 mm thick aluminum face sheet
and a 30 mm thick hardfoam core had a length of 500 mm and a width of 250 mm.
A rectangular delaminated area (50 mm x 50 mm) was located in the center of each
smaller edge of the plate (see Fig. 4.11). Two AFCs (AFC-4 and AFC-5) with an
active length [, of 20 mm and two piezoceramic transducers (designated as P7 and
P8) with a diameter of 10 mm were positioned in the corners of the face sheet so
that on each side of a delamination the similar transducer type was present. The
AFCs were glued with the fiber direction oriented along the width of the plate and
as close as possible to the edges of the plate. The removable hardfoam elements
with one smoothed surface (see Sec. 4.4.3 for details) was reversibly coupled to the
face sheet with honey. For the measurements, the plate was simply put on a table
with the face sheet upwards.

For the measurements with the GW method waves were sent from one AFC to the
other and vice versa or from one piezoceramic transducer to the other and vice versa.
Tone bursts (5 cycles with a Hanning window) at several center frequencies between
40 kHz and 440 kHz were used as excitation signal. The peak-to-peak amplitude of
the voltage signals sent to the emitter was around 200 V. For the EMI method an
initial measurement between 100 Hz and 500 kHz was carried out to determine the
frequency range of interest. The range was then set from 20 kHz to 120 kHz where
most peaks in the spectra of the real part of the impedance Z were obtained. The
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Figure 4.11: Schematic arrangement (dimensions in [mm]|) for the delamination
detection in the aluminum sandwich plate with AFCs (left) and a picture of the
specimen with the removable core element.

A

impedance was measured at two hundred stepwise increased frequencies within the
defined frequency range. This results in a frequency resolution of 500 Hz. During
each single measurement at a constant frequency the transducer is harmonically
excited with a voltage signal with an amplitude of 2 V.

Several measurements with both the GW method and the EMI method were
performed consecutively for changing damage states. Tab. 4.1 gives an overview
of the measurements. The artificial delamination corresponds to the case without
(wo) couplant while the undamaged state is achieved with (w) the application of
the couplant. All damage states were generated and measured at least twice. The
data from the measurements with the GW method were also used to estimate the
transfer function from transducer to transducer within the frequency range used.

4.5.2 Results and Discussion
GW method

The active length of the AFCs was set to 20 mm which resulted in a maximum in
the transfer function for the Ay mode and a minimum for the Sy mode at 235 kHz
when the AFC is bonded on a 1 mm thick aluminum plate. By looking at the
measured transfer functions for the shortened AFC as presented in the previous
chapter (see Fig. 3.31 and 3.32 on page 69 and 70, respectively), it can be seen that
at a frequency of 280 kHz the transfer function of the Ag mode has a minimum, while
that one of the Sy mode has non zero amplitudes. Thus, at this frequency a Sy mode
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Symbol Del-A Del-B GW method (pitch-catch) EMI method

with /without couplant Transducer-No. Transducer-No.
MO WO WO 4—5, 5—=4, 7—=8, 8T, 4,5, 7,8
47,48, 7—=4, 7—=5
Mla w WO 4—5, 5—4 4,5
M1b WO W 7T—8, 8—=7 7,8
M2 WO WO 4—5, 5—4, T—8, 87 4,5, 7,8
M3a w WO 4—5, 5—=4, 78, 8=T7 4,5, 7,8
M3b WO w 4—5, 5—=4, 78, 8=T7 4,5, 7,8
M4 WO WO 4—5, 5—=4, 7—8, 8=7 4,5, 7,8

Table 4.1: Overview of measurements performed for the delamination detection with
AFCs.

should be excited preferably. The measurement of the overall transfer functions from
AFC to AFC for both wave modes confirmed this behavior. However, the optimal
frequency for mainly exciting the Ay mode was found at 220 kHz instead of 235 kHz.
This discrepancy of 6.4% might be attributed to slight differences between the wave
velocities within the sandwich plate and the aluminum plate. The measured overall
transfer functions for both transducer pairs are presented in App. D.3. For the
further evaluations, only the data from the measurements at 220 kHz and 280 kHz
were considered.

Fig. 4.12 shows the time histories measured with AFC-5, while AFC-4 was excited
with a tone burst at a center frequency of 220 kHz and 280 kHz. The signals and
their envelopes for both the undamaged (M3a) and damaged (M2) state are given as
well as the difference of the two signals. Considering the Sy mode which arrived at ¢
= 91 ps it can be seen that the amplitudes are much smaller for the measurement at
220 kHz than at 280 kHz. However, they could still be measured. The same could
be obtained for the Ay mode (arrival time ¢ = 141 us) at 280 kHz where the transfer
function for the Ag mode had a minimum. The reason for this is the frequency
content of the excitation signal (sinusoidal tone burst modulated with a Hanning
window). The width of the principal lobe in the frequency domain is % f where n
is the number of cycles of the modulated sinusoid with the frequency f. Hence, a
wave mode is excited even if the center frequency of the excitation signal coincides
with a minimum in its transfer function, but the wave form seems to be disturbed.
By increasing the number of the cycles of the excitation signal which would lead to
a smaller band width, better results would be achieved. However, the duration of
the wave modes would increase as well and the two modes would not be separated
in the measured time signal anymore.

Although the Ay mode was excited and measured at a maximum in its transfer
function at 220 kHz, the amplitudes were relatively small compared to the Sq mode.
The reasons for this might be on the one hand the damping, which is higher for
the Ay mode than for the Sy mode [76]. On the other hand, the emitting and
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Figure 4.12: Results of the measurements with AFC-5: time histories and envelopes
for the undamaged (red) and damaged state (black) and the time window used for
calculating the DFTs (top); and the difference of the two time signals (bottom).
AFC-4 was used for excitation (5-cycle tone burst, Hanning window, starting at ¢
= 50 us) at 220 kHz (left diagrams) and 280 kHz (right diagrams).

receiving capabilities are poorer for the Ay mode in particular when the AFC is
used as receiver due to the much smaller wavelength compared to the length of the
AFC. At 280 kHz, however, the amplitudes of the preferably excited and measured
So mode were much higher than those of the Ay mode.

It is noticeable that for 280 kHz the Sqg mode wave packet had much more cycles
than the excitation signal. This is caused by the superpositions of the four excited
Sp wave packets; on either end of the AFC two packets were excited whereas each
of them propagated in the opposite direction. Due to the reflection of the wave
packets at the boundary of the plate, which coincides with one end of the AFC,
all four packets propagated in the same direction but with a relative time delay.
The same could be obtained for the receiver since the incident wave (and after the
respective time also its reflection) was measured when it passed the edges of the
AFC. For 280 kHz where the wavelength of the Sy mode is around two third of the
length of the AFC, the emitted wave packet theoretically has eight cycles and the
measured signal even eleven cycles. It is mentioned that for the arrangement as
used here it was necessary to place the AFC next to the plate’s edge. Otherwise,
the emitted waves can destructively interfere with their reflections.

Considering the time histories and the difference between them for the undam-
aged and damaged state, one can see that both wave modes were affected by the
presence of the delamination and that the amplitudes were increased for the dam-
aged state. This can also be obtained in the DFTs (see Fig. 4.13) of the time
histories measured at 220 kHz and 280 kHz for the undamaged (M1la and M3a) and
damaged states (M0, M2 and M4). The DFTs were calculated by applying different
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Figure 4.13: Results of repeated measurements with the AFC-5: amplitude spectra
of the DFTs for the undamaged (red) and damaged states (black) calculated with
different time windows as shown in Fig. 4.12. AFC-4 was used for excitation (5-
cycle tone burst, Hanning window) at 220 kHz (upper two diagrams) and 280 kHz
(bottom).

time windows. For the DFTs at 220 kHz in the upper diagram both wave modes
were taken into acount (time window from 80 us to 210 us), for the DFTs in the
middle only the Ay mode was considered (140-210 us). The DFTs at 280 kHz in
the lower diagram includes again both wave modes (80-200 us). Although the DFTs
for the same damage state varies, there is a clear change between the two states in
all three diagrams. This indicates that the proposed method for producing artificial
delamination allows for switching between the two damage states with reproducible
results.

A comparison of the two upper diagrams — one depicts the DFTs including both
modes, the other the DFTs including only the Ay mode — shows the influence of
the Sy mode on the DFT. The two major peaks of the DFTs taken from the Ay
mode are almost within the frequency range of the excitation whose main lobe is
between 132 kHz and 308 kHz, and the minima at 170 kHz and 280 kHz correspond
to minima in the Ay transfer function. This is reasonable since the depicted DFT
results from the multiplication of the DFT of the excitation with the Ag transfer
functions in the frequency domain of both the emitter as well as the receiver and
with a term describing the propagation behavior of the waves [81].
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However, there are more peaks within the DFTs taken from both modes. Within
the frequency range of the excitation’s main lobe a minimum at 250 kHz which
corresponds to a minimum in the Sy transfer function appeared and the minimum
at 280 kHz disappeared due to the superposition with the Sy mode. The minima
at 44 kHz and 88 kHz correspond to the side lobes of the DFT of the excitation
signal. However, the peaks below 132 kHz are much more pronounced. This can
be explained again with the multiplication in the frequency domain of the transfer
functions of the involved processes. However, for the emitting and receiving process
both the Sy and the A, transfer function has to be taken into account. Since the
So transfer function for the emitter has a maximum at 120 kHz and that for the
receiver has much larger amplitudes below than above its first minimum at around
235 kHz, waves are emitted and, particularly, also measured at lower frequencies.

The situation for the measurement at 280 kHz (see lower diagram) is similar
except that the peak at 300 kHz which corresponds to a maximum in the measured Sy
transfer function is much higher due to the shifted frequency range of the excitation
signal (main lobe between 168 kHz and 392 kHz). The influence of the Ay mode is
small since the minima of the Ay transfer function (90 kHz, 170 kHz and 280 kHz)
can not be seen in the depicted DFTs.

Fig. 4.14 shows the results of the similar test series but measured with the piezo-
ceramic transducer P8 while P7 was excited at 280 kHz. The time histories of the
undamaged and damaged state (M3b and M2, respectively) and the DFTs taken
from both modes (80-210 us) are depicted for all repeated measurements (M1b,
M3b; and M0, M2, M4, respectively). As already could be seen in the preliminary
investigations (see Sec. 4.4.2), the Sy mode is dominant due to the excitation near be-
side the planar resonance frequency of the disc transducer (around 260 kHz). Thus,
the maximum in the DFTs occurs not at the center frequency of the excitation. The
smaller peaks result from the overlap of the two wave modes in the time histories.
Measurements at frequencies up to 400 kHz showed that the transfer behavior is
poor above 300 kHz. Further, there is a relatively large deviation between the two
measurements of the undamaged state (M1b and M3b), which might be attributed
to variations in the couplant layer. However, the differences between the undamaged
and damaged state are still distinctly recognizable.

The comparison with the investigations with the AFC shows that the signals
measured with the piezoceramic transducers have amplitudes which are one order of
magnitude higher. The reason for this might be the relation between the diameter
of the disc transducers to the length of the wave propagating in the plate. For the
frequency of 280 kHz, the diameter is around half of the wavelength. Thus, the
transfer behavior is almost optimal not only for the emitter — maximum amplitudes
in the Sy transfer function — but also for the receiver — high amplitudes for frequencies
below the first minimum.

For the case where the delamination was introduced at the opposite edge regard-
ing to the used transducer pair (measurement M3b for the AFC and M3a for the disc
transducer, not shown), changes which could be clearly assigned to the introduced
damage were obtained only for frequencies around 100 kHz and only within the
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Figure 4.14: Results of the measurements with the disc transducer P8: time histo-
ries and envelopes for the undamaged (red) and damaged state (black) and the time
window used for calculating the DFTs (top); the difference of the two time signals
(middle); and the amplitude spectra of the DFTs for repeated measurements (bot-
tom). Transducer P7 was used for excitation (5-cycle tone burst, Hanning window,
center frequency of 280 kHz, starting at ¢ = 50 us).
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measurements with the disc transducers. The first can be explained by the damping
which increases with increasing frequency. Hence, the reflections from the opposite
edge could not be measured anymore at higher frequencies. The second is due to the
directionally dependent behavior of the AFC which prevent it from emitting waves
toward and receiving waves from the damaged area.

EMI method

The electro-mechanical impedance was measured with all four transducers, however,
the results of AFC-4 and of piezoceramic transducer P7 only are presented since the
results from the other elements are almost equal. Fig. 4.15 depicts the real part of
the impedance for both transducer types and for two different damage states (M2
and M3a for the AFC and M3b for the piezoceramic transducer) as well as the
difference of the real parts between the two damage states, which emphasize the
changes due to the delamination. The general form of the curve differs for the two
transducer types. This is reasonable since the curve is defined by several factors,
e.g., the capacitance or the dynamics of the transducer which are both also defined
by its design and dimensions. However, more interesting are the small peaks which
occur due to resonances within the system consisting of both the plate and the
surface bonded transducer. These peaks are more pronounced for the AFC than for
the disc transducer and occur in a different frequency range (between 45 kHz and
75 kHz for the AFC and between 30 kHz and 60 kHz for the disc transducer). The
reason for this might be the differences in the transfer behavior which lead to the
excitation of different vibration modes depending on the used transducer type.

Comparing the impedance spectra for the two damage states, it can easily be seen
that the peaks within the mentioned frequency range were affected by the damage,
namely, the peaks became more pronounced with the introduction of the delamina-
tion. This is reasonable since the damping of the sandwich plate decreases when a
delamination is present. This is also confirmed by the findings of the investigations
with the GW method where the amplitudes of the propagating waves were increased
as well compared to the undamaged state. The changes due to the delamination
were larger for the AFC than for the disc transducer as it is shown in the lower dia-
gram. Further, the shift between the two measured impedance spectra for the AFC
(see upper diagram) results in a deviation from zero in the curve of the difference
over the whole frequency range. The shift which was also observed within other
measurements might be caused by the measurement system itself, by variations in
the connection between measurement system and transducer, or by even small shifts
in the room temperature. Nevertheless, the changes in the small peaks due to the
damage can clearly be seen. Since the peaks and changes of them could be captured
in the measurements, the frequency resolution of 500 Hz was sufficiently accurate.
No well marked changes were obtained for both transducer types when the damage
was introduced at the opposite edge of the plate. The reason for this might be the
small amplitudes of the excitation of only 2 V in combination with the damping,
which prevent the plate from vibrating in appropriate modes.

Except for the mentioned shifts the measured spectra were well reproduced when
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Figure 4.15: Results of the measurements with the AFC-4 (left diagrams) and the
disc transducer P7 (right diagrams) from 20 kHz to 120 kHz with a frequency reso-
lution of 500 Hz: Spectra of the real part of the electrical impedance (top) for the
undamaged (red) and damaged state (black) and the difference of the two spectra
(bottom).
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switching between the two damage states. Moreover, the measurements with the
same transducer types showed the same behavior with peaks at the same frequen-
cies, which also confirmed that all transducers were well bonded to the plate. Con-
sequently, the obtained changes in the impedance spectra can clearly be attributed
to the presence of the delamination.

4.6 Summary

The wave propagation in an aluminum-hardfoam sandwich plate and the influence
of a delamination between face sheet and core on the waves was investigated first.
It turned out that in the considered frequency range (Acore K deore) the waves prop-
agate mainly within the face sheet and only little energy is transmitted through the
core. Further, a delamination leads to increasing amplitudes of the waves which
propagate over the delaminated area compared to the undamaged case. A method
was proposed which allows for producing artificial and reversible delaminations and
hence for switching between undamaged and damaged states with reproducible re-
sults. Finally, AFCs were successfully applied for detecting artificial delaminations
with two different methods, the GW method and the EMI method.
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Chapter 5

Conclusions and Outlook

5.1 Characterization of AFC

The dynamic behavior of an AFC which is surface bonded to an isotropic plate
was investigated and transfer functions for both the AFC as emitter and as receiver
of elastic waves propagating in the plate were determined. A numerical model
was developed which describes the electro-mechanical behavior and the transducer-
structure interaction and, hence, which allows for simulating both processes, emit-
ting and receiving propagating waves. The time dependent 3D displacement field
around an AFC used as emitter can be calculated with the proposed simulation pro-
cedure. The results of the experimental investigations show good agreement with
the simulations not only qualitatively but also quantitatively. The behavior of AFCs
with two different lengths was accurately predicted by the model from about 60 kHz
to 450 kHz for the Sy mode and from 30 kHz to 300 kHz for the Ay mode which
corresponds to a transducer’s length to wavelength ratio of 0.5 to 3 and of 1.5 to 5,
respectively.

The proposed model is suitable for the investigation of the coupled dynamic
behavior of AFCs and hence can be used for dimensioning elements with specific
transfer characteristics. However, to obtain accurate results within the simulation
the material parameters of the AFC must be known, in particular, the elastic mod-
ulus Fs33 and the piezoelectric constant dss, both for the fiber direction, since their
influence on the simulated results is significant. Further, the length of the AFC
within the simulation has to be chosen between the active and the total length of
the AFC in order to account for the stress distribution between AFC and structure.

As known from literature the shear stresses between transducer and structure
during excitation are concentrated at the edges of the transducer. Due to the
anisotropic material properties of the AFC waves are mainly excited at the two
ends of the fibers. This is comparable with the receiver which detects the waves
only when they pass one of these two edges. This leads to unwanted effects if the
wavelength is much smaller than the length of the AFC and if only short wave
packets are considered, namely the excitation and detection of two wave packets
instead of one. In order to avoid this effect, the AFC should be as small as possible
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compared to the wavelengths, in particular when it is used as sensor. However, the
smaller the AFC, the smaller its capacitance and hence the more attention must be
paid to appropriate measurement technique. A charge amplifier may then be better
suited than an oscilloscope.

The radiation of waves with an AFC and its sensitivity to incoming waves are
highly frequency and directionally dependent. Both, emitting and receiving capabil-
ities are enhanced in the fiber direction of the AFC. On the one hand, the anisotropic
material properties of the AFC lead to shear stresses between the electrically excited
AFC and the structure which are oriented in fiber direction as well as to a sensitivity
particularly for strains in fiber direction — the transverse piezoelectric effect is small
and, as seen in the experiments, negligible above 100 kHz. On the other hand, the
length and width of the AFC in relation to the length of the wave which propagates
in the plate are responsible for the frequency dependence (e.g., the occurrence of
minima and maxima in the transfer function) and the directionality. This shows
that the dynamic behavior of the permanently bonded AFC is dominated by the
dynamics of the structure and, hence, always both components must be considered
for determining the transfer characteristic of the transducer. Due to the relation
to the wavelength, the transfer behavior differs for each wave mode making it even
more complex. Moreover, the anisotropy of the AFC leads to the excitation not
only of Lamb wave modes but also of SH modes within the plate. According to the
principle of reciprocity [38], it must hence be assumed that the AFC as receiver is
also sensitive for these wave modes.

The complexity of the wave field when AFCs are used for excitation restricts
the range of applications and must be taken into account already during designing
a SHM system with AFCs. Particularly, the use of AFCs in a transducer network
in order to monitor large areas can be problematic since there might be sectors
which are out of the sensitivity range of the monitoring system. Nevertheless, the
directionality, i.e. the radiation of the energy in mainly one direction, can also have
a favorable effect on the performance of a system in specific applications, e.g., if
AFC are used in combination with anisotropic structures, if single critical points
whose positions are known should be monitored, or if unwanted reflections or noise
signals from uninteresting directions must be avoided.

5.2 Application of AFC

AFCs were successfully applied for damage detection (first step of the damage iden-
tification process in SHM) in an aluminum sandwich plate with the guided wave
based method as well as with the electro-mechanical impedance method. The AFC
was used as emitter and receiver of elastic waves and as transducer for exciting and
simultaneously measuring vibrations. The findings of the characterization were used
for dimensioning and positioning the transducer elements.

As stated before, the coupled AFC-structure transfer behavior is most important
and must be known to obtain useful and interpretable results. The strong coupling
leads to a virtually non-resonant behavior of the surface bonded AFC. However,
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there are several frequencies with maximum transduction. Therefore, the AFC can
be used in different frequency ranges and is hence interesting as transducer ele-
ment for different methods and combinations of them. The strong coupling and the
dominant dynamics of the structure are advantageous for the use of AFC with the
EMI method. Furthermore, the thin planar size as well as the conformability to
even biaxially curved surfaces — and therefore its better robustness to brittle failures
compared to a piezoceramic transducer — make the AFC suitable particularly for
SHM applications.

The investigation presented here showed that once the optimal length of the AFC
has been determined with the help of the model, an AFC with standard design can be
shortened by simply cutting it to the required length. For the final experiment with
the GW method, the length was chosen so that at one frequency the Ay mode and
at another one the Sy mode was excited preferably. However, it was not possible to
excite only a single wave mode, i.e. to achieve a perfect mode selection. The reason
for this is the time limited excitation signal whose frequency content is within a
certain frequency range and not equal to one single frequency. Nevertheless, it is
possible to control the ratio between the amplitudes of the two excited Lamb wave
modes. In contrast to this, the EMI method works with harmonic excitations or
in other words, the excitation contains one single frequency. Theoretically, if an
eigenfrequency of the structure coincides with a minimum in the transfer function
of the AFC, the corresponding eigenmode will not become developed and hence no
peak will be present in the impedance spectrum.

The wave propagation in an aluminum sandwich plate and the interaction of the
waves with face sheet-core delaminations was investigated. With the experimental
setup used here virtually no scattering effects due to the delamination were obtained.
This seems reasonable since the the main wave guide — the aluminum plate — is not
damaged itself. The lack of scattered waves may complicate a localization of the
damage (second step of the damage identification process in SHM), particularly,
with the triangulation method which is based on an arrival time lag between the
wave propagating on the direct path between emitter and receiver and the scattered
wave from the damage.

The aluminum sandwich plate as used in this work is well suited for being mon-
itored with wave based methods since the waves can travel long distances and the
propagation is well defined. It would be worthwhile to investigate plates made of
anisotropic composite face sheets or of honeycomb cores since such plates have a
wider range of applications. However, the wave propagation characteristic would be
much more complex which complicates the monitoring process.

Both methods used for damage detection are based on a comparison of an ac-
tual measurement with a reference measurement and a difference is then attributed
to a damage of the structure. However, there might be other reasons for changes
within the measured signals than a structural damage. Environmental exposure,
e.g., temperature variations, can cause changes in the wave propagation character-
istics. Moreover, a failure or a debonding of the transducers themselves will yield
differences between actual and baseline measurement. For a reliable damage detec-
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tion system, it is important to investigate such aspects. The use of the methods
without baseline is only possible, if the variations caused by the application of var-
ious AFCs and by the bonding layer are smaller than those caused by a damage or
if they can clearly be distinguished from the others. However, a large amount of
transducers is needed to be tested in advance in order to get the required statistical
informations.

5.3 Outlook

In the following, some aspects and ideas for future work are listed which may be
important to make a further step toward a SHM system with AFC as transducer
elements.

e In order to use the numerical model for a wider range of different structures,
two modifications are proposed. First, absorbing boundary conditions should
be implemented which allows for reducing the structure’s dimensions within
the model and hence the computational time without the difficulties of re-
flected waves. Second, the isotropic properties of the structure can be replaced
by anisotropic properties. This would allow for simulating the wave propaga-
tion in structures made of composite materials such as glass or carbon fiber
reinforced plastics which are of particular interest for SHM applications.

e The AFC with its IDE seems to be ideal for a partition of the active area in
two sections with different lengths (see [70]) by simply dividing the outer part
of the IDE at the required position and electrically isolating the two parts
from each other. One section of the AFC can be tuned for optimal excitation
and the other — smaller one — can be used as sensor. This concept would have
the advantage that the electrode used for relatively high voltage excitation is
not connected with the sensitive electronic parts used for measuring. Further,
emitter and receiver can be optimized separately which enhance the overall
transfer behavior from one AFC to another. This is useful in an application
where each element is used as both emitter and receiver. If one section is not
used as sensor, it can be used as emitter with different transfer characteristics
than the other part.

e Moreover, in order to enhance the modal selectivity achieved with the AFC,
it may be worthwhile to tune the dimensions of the IDE to the length of the
propagating wave such as it is done for conventional surface acoustic wave
transducers (e.g., [50], [66]). However, it would not be possible anymore to
perform the polarization process with the aid of the IDE since a uniform
instead of an alternating polarization is required.

e A possibility to profit from the directionally dependent behavior of the AFC
would be a combination of an AFC with a piezoceramic disc transducer whose
sensitivity is rotation-symmetric. If both transducers measure the same in-
cident wave, additional informations about the direction of the wave can be
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extracted from the difference between the amplitudes of the two signals. The
application of several elements would enhance the probability of correct local-
ization of, e.g., an impact or other acoustic emission sources. For monitoring
large areas, the number of required sensors could theoretically be reduced.

The presented procedure used for the characterization of the AFC as emitter or
receiver is applicable to other piezoelectric transducers. This would allow for
quantitatively comparing the different elements in their fundamental function
over a wide frequency range. The results would be helpful for the selection of
appropriate transducers for specific applications.

Although the use of the SH mode is of less interest for damage detection, the
sensitivity of the AFC to these wave modes should be investigated next because
SH modes are present in the wave field when an AFC is used as emitter and
they could be generated due to mode conversion even if no SH modes were
excited.

Since AFCs are relatively new and suitable for SHM systems, the investiga-
tion of their long-term reliability under realistic environmental conditions is
of great importance. Furthermore, the use of the EMI method for monitoring
the transducer itself and its bonding to the structure should be investigated.
This includes to determine the effects on the impedance spectrum caused by
fractures of the piezoceramic fibers, failures of the AFC or parts of it, or partial
debonding of the transducer.

The wave-damage interaction would be worthwhile to investigate in detail in
order to find appropriate approaches for locating and evaluating (second and
third step of the damage identification process, respectively) delaminations in
a sandwich plate or any defects in other structures with the GW method.

Beside all mentioned aspects concerning wave propagation phenomena and the
AFC itself, it is also important to give attention to the signal processing if the
next steps of the damage identification process should be reached.
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Appendix A

Material Parameters

For all simulations presented in this work, the following material parameters were
used.

AFC
Stiffness at ci1 |GPa]  10.65
constant electric c12  [GPa]  4.352
field C13 [GP&] 4.816
C33 [GP&] 24.09
Cy4 [GPa] 3.100
Piezoelectric es1  [C/m?| -0.764
constants ess  [C/m?]  7.363
er5  [C/m?]  1.457
Relative dielectric  eq3 -] 833
constants £33 -] 755
Density p  |kg/m?® 4700

Table A.1: Material parameters for an AFC as used for the simulation. The param-
eters were derived from those presented in Tab. 2.1.

Aluminum

Elastic modulus E |GPa] 68.9
Poisson’s ratio v -] 0.33

Density p |kg/m?® 2700

Table A.2: Material parameters for aluminum.
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Core material

Elastic modulus E [MPa] 69
Poisson’s ratio v -] 0.4

Density p |kg/m? 60

Table A.3: Material parameters according to the manufacturer’s data sheet for the
core material (C70.55 from Alcan Airex AG, Sins, Switzerland) as used for the
sandwich plates.
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Appendix B

Overview of Performed Investigations

Plate AFC
Symbol [p wp dp l, W,  darc  liot W — No.
2D model
Emitter 2DE1 1500 - 1 31 - 0.3 31 - -
2DE2 1500 - 1 21 - 0.3 21 - -
Receiver 2DR1 700 - 1 31 - 0.3 31 - -
3D model
Emitter 3DE1 500 300 1 31 20 - - - -
3DE2 500 300 1 21 20 - - - -
3DE3 500 300 1 31 10 - - - -
Receiver - - - - - - _ - _ -
Experiment

Emitter ExpE1l 1500 1500 1 31 20 0.3 34 40 1,2
ExpE2 1500 1500 1 20 20 0.3 23 40 3
Receiver ExpR1 1500 1500 1 31 20 0.3 34 40 2

Table B.1: Overview of geometric dimensions (in [mm|, without symmetries) of the
system consisting of the AFC and the plate.
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Simulation Experiment

Emitter: positions of measurement (r, ¢ (Ap)) (Jmm],[*])

So (200, 0°) (200, 0°)
(100, 0°-75° (15°)) (400, 0-60° (15°))
Ay (200, 0°) (200, 0°-30°)
(200, 0°-30° (5°)) (400, 0-30° (5°))
Receiver: positions of excitation (r, ¢ (Ay)) (|lmm],[°]
So (200, 0°) (200, 0°-45° (15°))
Ao (200, 0°) (200, 0°-45° (15%))

Table B.2: Overview of positions of measurement and excitation for the determina-
tion of the transfer function of the AFC as emitter and receiver.
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Signal type Frequency Cycles Duration Amplitude Range for TF

kHz| |- [12s] V] |kHz|
Simulation Emitter
Sinus (tone burst) 50 3.5 - - 30-70
Sinus (tone burst) 100 3.5 - - 60-140
Sinus (tone burst) 200 3.5 - - 120-280
Sinus (tone burst) 400 3.5 - - 250-550
Linear sweep 5-250 - 150 - 20-230
Linear sweep 200-450 - 60 - 220-430
Linear sweep 400-650 - 50 - 420-630
Simulation Receiver
Sinus (tone burst) 50 5 - - 32-65
Sinus (tone burst) 100 5 - - 65-130
Sinus (tone burst) 200 5 - - 130-270
Sinus (tone burst) 400 5 - - 270-530
Experiment Emitter
Linear sweep 5-200 - 150 1.5 4 >0.95
Linear sweep 150-250 - 100 1.5 4 > 0.95
Linear sweep 200-300 - 100 1 v > 0.95
Linear sweep 250-350 - 80 1 4 > 0.95
Linear sweep 300-400 - 80 1 v > 0.95
Linear sweep 350-450 - 60 0.8 4 > 0.95*
Linear sweep 400-500 - 60 0.8 4 > 0.95%
Linear sweep 450-550 - 60 0.8 4 > 0.95*
Linear sweep 500-600 - 60 0.5 4 > 0.95*
Linear sweep 550-650 - 50 0.5 4 > 0.95*
Linear sweep 600-700 - 50 0.5 4 > 0.95*
Linear sweep 650-750 - 50 0.4 4 > 0.95*
Linear sweep 700-800 - 50 0.4 4 > 0.95*
Linear sweep 750-850 - 50 0.4 4 > 0.95*
Sinus (tone burst) various 5 - -
Experiment Receiver
Sinus (tone burst) 40 5 - 2 30-50
Sinus (tone burst) 60 5 - 2 50-70
Sinus (tone burst) 440 5 - 2 430-450

Table B.3: Overview of excitation signals used for the determination of the transfer
functions.

*Due to poor signal-to-noise ratio for a few measurements, the frequency ranges
were extended to the range where the coherence was higher than 0.8 (see Fig. C.2).
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Appendix C

Additional Figures from the
Characterization

C.1 AFC as emitter

Transfer function of AFC-1 for the S0 mode at r = 400 mm
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Figure C.1: Measured transfer functions of AFC-1 (I, = 31 mm) used as emitter for

the Sp mode (top) and the Ay mode (bottom). The surface velocities were measured
at (r, ¢) = (400, 0°-60°) and (r, ¢) = (400, 0°-30°), respectively.
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Transfer function of AFC-1 for the S0 mode at r = 400 mm
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Figure C.2: Measured S transfer function of AFC-1 used as emitter (top, red) with
the estimated confidence interval § for a = 99% (top, black) and the estimated
coherence function 4 (bottom) for hundred repeated measurements. The surface
velocities were measured at (r, ¢) = (400, 0°). Due to poor signal-to-noise ratio,
the frequency ranges for some particular transfer functions were extended to the
range where the coherence was higher than 0.8 instead of 0.95.
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Transfer function of AFC-1 for the Ao mode at r = 400 mm
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Figure C.3: Measured Aq transfer function of AFC-1 used as emitter (top, red) with
the estimated confidence interval § for a = 99% (top, black) and the estimated
coherence function 4 (bottom) for hundred repeated measurements. The surface

velocities were measured at (r, ¢) = (400, 0°).
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Transfer function of AFC-2 for the S0 mode at r = 400 mm
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Figure C.4: Measured transfer functions of AFC-2 (I, = 31 mm) used as emitter for

the Sp mode (top) and the Ay mode (bottom). The surface velocities were measured
at (r, ¢) = (400, 0°-15°) and (r, ¢) = (400, 0°-30°), respectively.
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Transfer function of AFC-3 for the S0 mode at r = 400 mm
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Figure C.5: Measured transfer functions of the shortened AFC-3 (I, = 20 mm) used
as emitter for the Sy mode (top) and the Ay mode (bottom). The surface velocities
were measured at (r, ¢) = (400, 0°-60°) and (r, ¢) = (400, 0°-30°), respectively.
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C.2 AFC as receiver

Transfer function of AFC-2 as RECEIVER for the S0 mode
Excitation at 0°
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Figure C.6: Measured Sy transfer function of AFC-1 used as receiver (top, red) with
the estimated confidence interval § for a = 99% (top, black) and the estimated
coherence function 4 (bottom) for hundred repeated measurements. The excitation
was achieved with the piezoceramic transducer positioned at (r, ¢) = (200, 0°).
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Appendix D

Additional Figures from the
Application

D.1 Transfer Function of an MFC

MFC-1 on aluminum sandwich-plate
Measured transfer function for S0 mode at (100 mm, 0°)
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Figure D.1: Measured transfer functions of MFC-1 (I, = 16.5 mm) used as emitter
for the Sy mode (top) and Ay mode (bottom). The surface velocities were measured
at (r, ¢) = (100, 0°). The procedure to determine the transfer function was similar
to the one presented in Chap. 3.
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D.2 Time signals excited and measured with MFCs
and disc transducers
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Figure D.2: a) Time histories of the voltage signal used for exciting (5-cycle tone
burst, Hanning window, center frequency of 100 kHz) the MFC-1 (top); b) voltage
signal measured with MFC-2; ¢) IP and d) OoP surface velocities measured with
the laser interferometer at the position of MFC-2.
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Excitation by MFC-1, 300 kHz
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Figure D.3: a) Time histories of the voltage signal used for exciting (5-cycle tone
burst, Hanning window, center frequency of 300 kHz) the disc transducer MFC-1
(top); b) voltage signal measured with MFC-2; ¢) IP and d) OoP surface velocities
measured with the laser interferometer at the position of MFC-2.
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Excitation by disc transducer P3, 100 kHz
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Figure D.4: a) Time histories of the voltage signal used for exciting (5-cycle tone
burst, Hanning window, center frequency of 100 kHz) the disc transducer P3 (top);
b) voltage signal measured with P4; ¢) IP and d) OoP surface velocities measured
with the laser interferometer at the position of P4.
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Excitation by disc transducer P3, 300 kHz
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Figure D.5: a) Time histories of the voltage signal used for exciting (5-cycle tone
burst, Hanning window, center frequency of 100 kHz) the disc transducer P3 (top);
b) voltage signal measured with P4; ¢) IP and d) OoP surface velocities measured
with the laser interferometer at the position of P4.
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D.3 Transfer functions from transducer to trans-

ducer
Measured transfer function
_a from AFC-4 to AFC-5 for S, mode
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Figure D.6: Measured transfer functions from the AFC-4 to the AFC-5 (I, = 20 mm
for both) for the Sp mode (top) and Ay mode (bottom).
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Measured transfer function
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Figure D.7: Measured transfer functions from the disc transducer P7 to P8 (diameter
of 10 mm for both) for the Sy mode (top) and Ay mode (bottom).
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