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Abstract

Aircraft, containers, and storage tanks contain plate-like structures that are safety
critical. The structures often undergo non-destructive inspections. The inspection
frequency tends to be over-conservatively high, and it may be possible to reduce
the intervals between inspections to realize cost savings. This goal can possibly be
realized by automated structural health monitoring (SHM) of structures using sparse
active guided wave sensor arrays. Guided waves are sensitive to small defects and
can propagate long distances across feature dense plates. Thus, a guided wave SHM
system that enables reliable detection of critical defects or monitoring of their growth

can potentially be used to reduce the frequency of inspections for real structures.

Industrial guided wave SHM systems must be reliable throughout prolonged ex-
posure to temperature, humidity, and loading changes encountered in operation.
Research at Imperial College shows that temperature compensation and subtrac-
tion between monitored guided wave signals and baselines acquired from healthy
plates enables detection of 1.5% reflection change over areas ~1 m? in the presence
of thermal swings and uniform liquid layers. These results and findings from scat-
tering studies indicate it may be possible to detect reflections from hole type defects
and notches affecting structures during their operation. An issue is that demon-
strations of SHM system capabilities have only been shown in controlled laboratory
tests within short periods following baseline acquisition. There is concern whether
sustained exposure to service conditions will subject transducer elements to irre-
versible changes and introduce variability in baseline subtraction results that would

mask signals due to slowly growing damage.

This thesis studies the reliability of guided wave SHM for monitoring plate-like struc-
tures over longer time periods. The theoretical characteristics of the fundamental
Lamb waves and their use to monitor and detect damage are reviewed. Strategies for
sensing and signal processing are described alongside experimental validation of their
performance. The effectiveness of the SHM system is tested in experiments where
damage-free plates are exposed to British weather as well as thermal variations in

an environmental chamber. The monitoring capabilities of bonded piezoelectric sen-



sors are quantified and compared to the performance achieved using electromagnetic
acoustic transducers. Experimental results and findings from simulations of bonded
piezoelectric transduction establish that performances achieved with bonded sensors
degrade due to variations in the properties of adhesives used to attach sensors to
plates. EMATS are relatively stable and capable of enabling detection of 1.5% re-
flection change at points away from the edges of plates after sustained exposure to

thermal cycling loads.
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Chapter 1

Introduction

1.1 Motivation

The aerospace, shipping, and energy storage infrastructural systems around the
world contain many safety critical plate-like structures. Examples of these are the
aircraft fuselage, containers, and the oil storage tank shown in Figure 1.1. Such
structures must be maintained regularly so that they can be used up to and some-
times beyond their design service lives without integrity issues. The inspection
procedures adopted for the upkeep of ageing aircraft is outlined in the next para-
graph, and precedes a description of how SHM systems could increase the efficiency

of logistics in maintenance programmes.

Figure 1.1: (a) The fuselage of an airplane, (b) shipping containers, and (c) an oil storage
tank are examples of plate-like structures in ageing infrastructural systems.
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1. Introduction

Damage tolerant design criteria are used to maintain fleets of airplanes [1-3]. Air-
craft assemblies are periodically inspected and repaired so that they remain airwor-
thy. Subsequent inspections are scheduled when crack growth models predict that
cracks could have grown to sub-critical sizes that are detectable [3, 4]. The aircraft
structures must be prepared and various components disassembled prior to under-
going manual eddy current tests and ultrasonic evaluations [2, 5, 6]. These tests
get repeated frequently in order to compensate for uncertainties in NDE results and
predictions of the crack growth phenomena. The efforts required to prepare, ac-
cess, reinspect, and reassemble structures as well as the associated flight disruptions

result in significant costs to the owners of the aircraft [5].

Automated SHM systems which use small numbers of permanently installed sensors
to provide information about physical changes in plate-like structures and the growth
of small defects would be very useful for these industrial applications. Monitoring
systems could provide early warnings about damage growth which could be used to
relax inspection intervals. There would be less need to manually access and prepare
structures and less disruption in their normal operation, which implies cost savings
for the owners of the assets [5]. Furthermore, SHM systems could supply frequent
alerts about cracking and corrosion processes which can be used to increase the
reliability of assessments and service life predictions respectively [6, 7]. SHM would
be practical if systems provide indications of the onset and growth of cracks (several
mm long), small holes (<1 c¢m in diameter), and corrosion over larger areas (>1
m?) of plate-like structures such as spars, wing sections, and frame components in

aircraft [2| or container panel doors [8, 9].

SHM is a large research field and studies have focused on exploiting techniques
tracking changes in vibration, strain, acoustic emission (AE), and guided wave prop-
agation [10]. The vibration based techniques rely on tracking natural frequency or
mode shape changes and can be used to detect stiffness reductions. However, these
approaches are generally insensitive to critical defect sizes in the applications of
concern [11, 12]. Measurements of strain could be used to detect smaller defects [13]
but they are too localized to enable detection of isolated defects with small numbers
of sensors [14]. The measurements of low frequency ultrasonic waves can be used to

achieve coverage of 1 m? areas while remaining sensitive to holes having diameters
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<1 cm and millimeter long cracks with relatively low sensor density [15]. Wave prop-
agation signals can be monitored passively when it results from acoustic emission
(AE) produced within structures experiencing damage. The use of transducers to
actively transmit the waves that are sensed will be referred to as guided wave SHM

in this thesis.

The passive AE systems use distributed sensors to record wave propagation signals
which exhibit amplitudes that exceed set thresholds expected for events such as
crack growth and corrosion [7, 16, 17]. Research has confirmed that the methods
enable detection of AE signals which have propagated long distances in complex
structures [18, 19]. Though this finding suggests AE systems may enable good
coverage in some industrial applications, several drawbacks associated with them
prevent their use in others. Firstly, certain damage types (e.g. ductile fracture)
which commonly affect structural metals do not produce readily detectable levels of
AFE [7, 18]. Also, the sensors of AE systems must be constantly supplied with power
in order for them to detect damage and must therefore be plugged into a power
source. Moreover, AE signals are sensitive to noise sources including fretting (com-
mon in riveted and bolted structures) [7] and electromagnetic interference (EMI) [18]
which have been reported to cause unacceptable increases in the likelihood of false

calls in practice [20].

Guided wave SHM systems that use transducers to actively excite and monitor wave
propagation signals can enable detection of the defects of concern. This is because
guided wave techniques achieve good sensitivity to hole type defects [21-24] that are
targeted in the shipping industry in addition to notches [25-27], cracks [28-30] and
corrosion induced damage that affects structures in aircraft and tanks. Accurate
assessments of defects can be made using guided wave techniques and, in a moni-
toring scenario, random noise is not an issue because one can average many signal
acquisitions to form a clean signal. Long range inspections using lead zirconate ti-
tanate (PZT) sensors for active guided wave transduction have been very successful
and commercial systems for the screening of pipelines [31] and rails [32] exist. The
structures screened using these systems are very feature sparse, while the plate-
like structures in the applications considered in this thesis typically contain closely

spaced features. The overlapping echoes associated with guided wave reflections off
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1. Introduction

features readily complicate propagation signals recorded using sensors on plate-like
structures. Transducer designs, arrangements, as well as processing algorithms to
discriminate damage and interpret data collected from sensors on these relatively
complex structures have been developed to cope with these problems [31, 33-35].
However, the signal processing methods that enable defect detection in feature dense
plates are complicated and they have only been verified over periods of <3 weeks
within laboratory environments [36]. Before widespread adoption of active guided
wave SHM systems based on these techniques, concerns about their reliability need
to be investigated. It is to address these concerns that this thesis aims to determine
the long term stability of guided wave SHM systems designed for in situ detection

of defects and their growth in plate-like structure.

1.2 Thesis outline

This thesis will follow the sequence of topics described below.

Chapter 2 reviews theoretical aspects of guided wave propagation in plates along
with common defect detection approaches and the challenges to the practical imple-
mentation of these for monitoring real plate-like structures. The chapter concludes

with an overview of the particular SHM system studied.

Chapter 3 describes the strategies for bonded PZT based transduction and signal
processing used in guided wave SHM studies in this thesis. Encapsulated bonded
piezoelectric transducer designs which preferentially generate the fundamental sym-
metric Lamb wave mode on 2 and 5 mm thick aluminum plates are presented. Finite
element (FE) modelling and validation tests were used in the design process and are
described. The remainder of the chapter outlines the automated defect detection
and localization algorithms which were used to process the data obtained with such

sensors throughout the thesis.

The performance of a prototype SHM system used to monitor a 5 mm thick an-
odized aluminum plate exposed to extended periods of outdoor weather is evaluated
in Chapter 4. The quantified measures of random noise and their influence on the

guided wave SHM signal processing approaches are independently demonstrated.

33



1. Introduction

The efficacy and outcomes of applying various sensor diagnosis techniques are com-

pared.

The conclusions of Chapter 4 established that interfacial adhesion issues cause am-
plitude declines in guided wave data which makes it difficult to detect small dam-
age. In order to achieve long term stability better adhesives were sought. Data
was collected with sensors bonded using various adhesive systems that were subject
to cyclical thermal exposures in Chapter 5. The trends from post-processing the
collected data confirmed that detection of small defects progressively deteriorated.
Simulations of transduction as well as measurements on bulk samples of adhesives
quantitatively demonstrate the significant influence of changes in the properties of
the adhesives used to bond sensors. It was shown that the continuous change in ad-
hesive bulk properties, due to curing processes or other mechanisms, could explain

the performance drifts that were measured in the SHM system.

The findings in Chapter 5 indicate that the construction of a bonded transducer for
SHM purposes requires very stable adhesives. While it may not be impossible to
find adhesive systems more suitable than the ones tested, investigations in Chapter 6
examine the potential to develop an alternative transduction mechanism. The results
of evaluations with electromagnetic acoustic transducers (EMATS) and a low voltage

data acquisition system are presented.

Finally, the conclusions and major contributions of the thesis are outlined in Chap-

ter 7.
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Chapter 2

Guided waves in plates and SHM

principles

This chapter introduces the guided plate wave types in Section 2.1 and the charac-
teristics of the Lamb waves that are most commonly considered for SHM purposes.
The techniques used to monitor the propagation of guided waves for the detection
of defects in plate-like structures are reviewed in Section 2.2. Section 2.3 describes
how the findings of Section 2.1 and Section 2.2 were used to develop a robust SHM

system whose long term stability could be explored in this thesis.

The chapter makes use of existing models to arrive at estimates of the velocities,
scattering behavior, and temperature dependent characteristics of Lamb waves. The
results provide the basis of the contributed justification for monitoring the SO mode
in the SHM system. An up to data review of strategies considered for SHM in the
monitoring system is also provided, and it is shown that applying the adopted meth-
ods of baseline subtraction to original pitch catch data results in robust detection

of a @ 5 mm hole drilled in a 2 mm thick aluminum plate undergoing 0.5°C change.

2.1 Guided wave propagation in plates

Guided wave propagation in plates is a topic well described in textbooks [37, 38].

This section reviews those characteristics most relevant to developing guided wave
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2. Guided waves in plates and SHM principles

SHM systems for the metallic plate-like structures of concern.

2.1.1 Modes of propagation

The bulk material of homogeneous solids supports the propagation of longitudinal
and shear waves. The interaction of these waves with the boundaries of plates gives
rise to the propagation of two particular types of guided waves: Lamb wave modes
and shear horizontal (SH) wave modes. The Lamb modes have particle motions
lying within the plane defined by the propagation direction and plate thickness, and
are classified according to whether motions are symmetric (S) or antisymmetric (A)
about the mid-thickness. The motions of SH waves lie in the plane orthogonal to
the propagation direction and plate normal. The frequency dependent velocities
and displacement shapes of all of these guided wave modes are usually obtained by
numerical solution of the transcendental wave equations using, for example, DIS-
PERSE [39]. The phase velocities and the group velocities of guided waves are the
two relevant types of velocities that can be calculated. The phase velocity vy, cor-
responds to the rate at which crests of a wave move at one frequency. The group
velocity v, indicates the speed associated with propagating wavepackets containing
a superposition of waves of similar frequency. The phase velocities and group ve-
locities of the low frequency guided wave modes for an aluminum plate which were
calculated with DISPERSE are shown in Figure 2.1(a) and Figure 2.1(b) respec-
tively. Sketches of the material deformations are overlaid in Figure 2.1(a), and show
the uniform in-plane and out-of-plane motions that are characteristic of the SO mode

and the A0 mode respectively.

Multiple guided wave modes exhibit non-zero velocities at any frequency as shown
in Figure 2.1. The figure shows that various modes can propagate, and the super-
position of their reflections from structural features generally produces complicated
guided wave signals. Minimizing the number of propagating modes facilitates the
interpretation of guided wave data [31, 33]. In order to limit the number of modes
that propagate it is advisable to stay below the cut-off frequency for the A1 mode
shown in Figure 2.1(b). There are only three wave modes that propagate in this
frequency range, with the fastest being the SO mode followed by the SHO mode and

A0 mode. Selectively inducing displacements that match the mode shape of any
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2. Guided waves in plates and SHM principles

of these fundamental modes in the region below the Al cutoff frequency can be
exploited to preferentially excite that mode [40-42]. It is desirable to achieve om-
nidirectional excitation of the chosen guided wave mode in the SHM applications.
Omnidirectional excitation of the SHO mode is relatively difficult to achieve and
simple to accomplish for either fundamental Lamb mode [41]. This study focused
on exploitation of the fundamental Lamb waves as a result and the rest of the section

reviews their characteristics.
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Figure 2.1: (a) Phase velocities with overlaid sketches of material deformations in alu-
minum plates which illustrate mode shapes of the SO mode and A0 mode and indications
of their respective wavelengths Agp and A4o at 100 kHz on a 2 mm thick plate, and (b)
the group velocities of the various plate waves. Figures produced using DISPERSE [39].

2.1.2 Dispersion

The frequency dependence of guided wave phase velocities gives rise to disper-
sion, a phenomenon which causes distortions and loss of amplitude in propagating
wavepackets and needs to be accounted for during mode selection [38]. The A0 mode
is highly dispersive in the low frequency range whereas the SO mode exhibits these

features near the A1 mode cut-off as indicated in Figure 2.1(b) [43].

Figure 2.2 shows a 5 cycled, 100 kHz Hanning windowed excitation signal and the
simulated wavepackets of tonebursts of the SO and the A0 mode that have propa-
gated 500 and 1000 mm on a 2 mm thick aluminum plate. The SO tonebursts of
Figure 2.2(b) do not appear distorted from the signal in Figure 2.2(a) while the A0

37



2. Guided waves in plates and SHM principles

wavepackets in Figure 2.2(c) exhibit amplitude reduction and elongation as a result
of dispersion. These amplitude decreases limit the propagation range of the mode.
Furthermore, any gains in resolution due to the A0 wavelength being smaller than
the SO wavelength would be mitigated by the temporal elongations of pulses of the
sort observed in Figure 2.2(c) [44].
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Figure 2.2: (a) Five cycled, 100 kHz toneburst as excitation signal and as simulated
wavepackets of the (b) SO mode and (c) the A0 mode which have propagated distances of
500 mm (black) and 1000 mm (grey) on a 2 mm thick aluminum plate. Figures produced

using DISPERSE [39)].
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2.1.3 Interactions with defects and structural features

The behavior of the fundamental Lamb mode interactions with defects and structural
features have to be considered to achieve suitable sensitivity to defects over large
areas and transmissibility across typical features of real structures. The detection
of holes and cracks are crucial in the applications of concern [2, 7, 9] and therefore
the characteristics of the SO mode and A0 mode interactions with these defects are

described first.

The detection of hole type defects having diameters D on the order of 10 mm or
less on metallic plates that are at least 2 mm thick is a major concern in this
thesis. Therefore, the scattering behavior of non-dispersive waves of the SO mode
and A0 mode from holes having D < 10 mm are presented [22-24]. A program in
which Dr. Frédéric Cegla had implemented the experimentally validated analytical
models of [24] was used to estimate the scatter resulting from the interaction of SO
and A0 waves propagating 500 mm from point sources to through holes of varying
diameters on a 2 mm thick steel plate. The amplitudes of scatter were evaluated at
monitoring points 500 mm away from the holes in order to illustrate amplitudes of
reflection change which must be detected at typical distances. The cylindrical decay
of waves which is expected for their circular crested propagation [23, 30, 45] has
been accounted for in the normalized amplitudes of scatter which are shown using
polar plots for the A0 mode at 1000 kHz-mm and the SO mode at 200 kHz-mm
in Figure 2.3. These frequency-thicknesses are chosen to consider the behavior of
non-dispersive waves of the modes below the A1l mode cut-off. As the amplitudes
and patterns in scatter do not vary much with changes in frequencies over the ranges
in which each mode is non-dispersive, the results illustrate representative scattered

fields of non-dispersive waves of each mode.

The amplitudes of A0 scatter shown in Figure 2.3(a) are greater than the amplitudes
of SO scatter from the @ 3 mm hole which are plotted in Figure 2.3(b). This finding
indicates it is advantageous to monitor higher frequency A0 waves which facilitate
easier detection of very small holes. It should be noted, however, that this advantage
is primarily a result of the wavelength of the higher frequency A0 waves being
much smaller than those of the lower frequency SO waves. It is significant that the

amplitudes of SO scatter from the holes of slightly larger diameters (i.e. D > 6 mm)
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are on the order of the amplitudes of A0 scatter from these defects. There is also
generally less directivity in scattered fields of the SO waves than there is in the fields
of the A0 mode; this is because the holes behave like point scatterers in the cases
involving incidence of the SO waves at the lower frequency-thickness product. These
directivity results confirm that monitoring amplitudes of low frequency SO scatter
are more suitable for detecting physical changes in the hole type defects of concern
over a large range of angles. This capability is important for the SHM applications
of interest which typically require detection of the slow growth of such defects having

arbitrary orientations with respect to wave actuation and sensing points.

Cracks are another important defect which affect structures in the applications of
interest [2, 7]. Studies indicate that the scattering patterns which result from the in-
teraction of SO and A0 waves from crack-like defects exhibit directivity that depends
on the dimensions and the relative orientations of wave actuation and reception
points [25-30, 46-49]. As higher frequency A0 waves are less suitable for detecting
hole type defects at arbitrary angles, the scattering behavior of the SO waves from
crack-like defects will be exclusively considered. In particular, the scattering behav-
ior estimates of [47] were used to calculate the amplitudes of scatter which result
with 500 mm propagation and interaction of 300 kHz SO waves (Agg =17 mm) with a
15 mm long, 2 mm wide through thickness notch oriented at various relative angles
on a 3.18 mm aluminum plate at monitoring points 500 mm away from the defect.
The cylindrical decay of circular-crested wave propagation has been accounted for
in the normalized amplitudes of scatter which are shown in Figure 2.4. The results
show that the interaction between SO waves and the notch results in complicated
scattering patterns with local maxima and minima that occur at angles that strongly
depend on the angle of the incident wave with respect to the notch orientation. For
instance, the amplitudes of reflected SO waves decrease for incident waves that align
more closely with the orientation of the defect (i.e. note the smaller amplitudes
of reflections in Figure 2.4(c) compared with those in Figure 2.4(a) or (b).) This
result is expected as the reflection of the incident wave parallel to the crack only
contains scattering contributions from wave diffraction off the crack tip [28, 30, 48].
It should be noted that though the notch length of 15 mm is on the order of Agq
in the case analyzed, studies have shown that the strong angular dependency of

scatter can be expected for notches of varying length [30, 46, 49]. Therefore, despite
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the demonstrations that crack lengths and depths can be correlated with the ampli-
tudes of reflected SO waves [26, 28, 29], the findings in Figure 2.4 illustrate that it
is necessary to monitor SO wave propagation with waves transmitted and received
at various angles if cracks at unknown locations or any changes in their size are to

be feasible to detect.

It is also important to consider the interactions of the fundamental Lamb modes
with plate edges as well as their relative capabilities to transmit across features
such as stiffeners which are commonly found in the plate-like structures of concern.
Studies indicate that the waves of the SO mode convert to the SHO mode when
obliquely incident on a plate edge [50], and that waves of the A0 mode that reflect off
this common feature undergo phase changes and other behavior which complicate
the positioning of sensors used to record its propagation [51]. With respect to
transmission of waves across features typically found in real plate-like structures,
research has confirmed the capability of SO waves to transmit fairly evenly across
stiffeners [52] and corrugations [36]. On the other hand, waves of the A0 mode only
transmit across stiffeners and corrugations for relatively limited ranges of incidence

angles [36, 53].
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Figure 2.3: The analytical amplitude of (a) 1000 kHz-mm AO scatter and (b) 200 kHz-
mm S0 scatter from through holes of diameters D on 2 mm thick steel plates which result
from the interaction of waves propagating 500 mm to the holes and 500 mm onwards to
monitoring points. Results are shown as dB values normalized by the input amplitude
and were calculated using the analytical implementations in [24].
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2. Guided waves in plates and SHM principles

Figure 2.4: The amplitude of 950 kHz-mm SO scatter from 15 mm long, 2 mm wide
through thickness notches oriented along 90°-270°0n a 3.18 mm thick aluminum plate which
result with the interaction of waves that propagate 500 mm in the directions indicated by
the arrows to the notch and 500 mm onwards to monitoring points. Results are adapted
from [47], and are shown as dB values normalized by the amplitude of the input being at
incident angles of (a) 0°, (b) -45°, and (b) -90°.

This section briefly summarized aspects of the scattering behavior of the fundamen-
tal Lamb wave modes which are important to consider in developing SHM systems
for plate-like structures. The scattering behavior is complex though studies suggest
that holes, notches, and cracks can all be potentially detected. Non-dispersive SO
waves are better suited than A0 waves for the purposes of detecting the hole type
defects of concern in instances when their locations are unknown. It is evident that
S0 wave propagation should be monitored at multiple angles if the measurements
are to be useful for the purposes of detecting cracks. SO waves also transmit more

uniformly across feature dense sections of plate-like structure.

2.1.4 Environmental effects

Real plate-like structures experience variable environmental conditions [54]. Tem-
perature changes as well as applied stresses are expected to affect structures in most
industrial applications. This section describes how these sources of variability influ-
ence the geometry and elastic constants which change the plate dimensions and the

wave velocities v respectively.

Thermal swings of 0T cause Lamb waves propagating over distance p to undergo

time shifts 0t that can be calculated by differentiating the relation for arrival time,
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1.e.

b
t=2= 2.1
b (2.)
with respect to both p and v [35, 55]:
P 1 0v
ot ==(a——==)0T 2.2
G (2.2)

where « is the relevant coefficient of thermal expansion (e.g. 23E-6 °C-! for alu-
minum.) It is important to consider the effects that temperature changes have on
the time shifts for waves of each fundamental Lamb mode as these determine the
phase changes that must be differentiated by methods used to detect defects over
large areas [35]. Therefore, Equation 2.2 was evaluated with vy, from Figure 2.1
and values of 85—;}‘ extracted from the results which were calculated for an aluminum
plate with thermal stress and thermally varying elastic properties in [56]. The cal-
culated time shifts for the SO mode and the A0 mode in the example aluminum
plate structure are plotted in Figure 2.5. The plot shows that A0 waves exhibit
substantially larger time shifts across the ultrasonic frequency range. These results
can be explained by noting that the term involving « in Equation 2.2 is at least an
order of magnitude smaller than the term involving the reciprocal of the velocity

squared, which is larger for the slower A0 mode.

Apart from thermal variation, the loading of structures introduces changes in Lamb
wave propagation velocities. However, the strains that loads introduce are anisotropic
and therefore a directional dependence of Lamb wave speeds will be introduced and
needs to be accounted for in order to determine associated effects on wave dispersion.
Researchers have analyzed how applied tensile [55, 57, 58] and biaxial stresses [59]
affect Lamb wave velocity dispersion. The experimental results from the studies
have shown that both SO [55] and A0 [58] phase velocities exhibit a linear depen-
dence on load magnitude and sinusoidal dependence with angle between propagation
direction and the loading axis. Theoretical estimates of acoustoelastic effects using
modified third-order elastic constants in [59] have been able to accurately account

for the trends in tests.
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Figure 2.5: The predicted effects of dT=1°C on time shifts associated with crests of SO
and A0 waves of aluminum plates (values scale linearly with p and 67".) The results were

calculated using vpy from DISPERSE [39] and ag%h from [56].

2.2 Monitoring techniques

A practical SHM system should enable sensitive detection of the scattered fields
from small defects over areas of feature dense structures experiencing variable en-
vironmental conditions with few sensors. This section reviews the techniques for
sensor use and the signal processing methods that have been researched to allow

practical detection of defects.

2.2.1 Arrangement and operational modes of sensors

Sensors should be arranged and operated to achieve maximal coverage of large areas.
Sparsely distributed networks have sensors separated by several multiples of the
interrogating wavelengths while single unit arrays, such as the one used in [60], have
sensors in regular arrangements and within close proximity of one another. Sparse
arrays of sensors can be used to cover larger areas, and increase the probability of
detecting damage whose orientation causes there to be minimal scatter toward the
sensors of single unit arrays [34, 41, 61, 62]. The practical difficulties with attaching
the obtrusive and complicated electronics required to support concentrated arrays
are other reasons which have prompted researchers to develop Lamb wave SHM

systems that rely on sparse sensor arrays [45, 63].

The sensors of the arrays can be operated in pulse/echo or pitch catch mode in

order to record guided wave data. In pulse/echo mode, the transmitting transducer
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is used for reception of propagation signals. With the pitch catch operation of
sensors, however, a pair of sensors is used in which one transmits the signal and the
second sensor is used to receive the signal. Of foremost concern is the usefulness
of a particular operational mode for detecting small holes and cracks. Pulse/echo
measurements are best for detecting backscatter. However, as can be seen from the
figures in Section 2.1.3, defects do not necessarily scatter evenly in all directions and
amplitudes of backscatter may be minimal. Pitch catch sensors can be more useful
for picking up scattered signals at a range of different angles, which maximizes the

chance of receiving high amplitude signals that are scattered by a variety of defects.

Furthermore, the backscatter that is monitored with pulse/echo use of sensors is
severely affected by thickness transitions that are common in many real plate-like
structures [64]. On the other hand, pitch catch measurements have been found to
be suitable for recording signals transmitted across sections of gradually varying
thickness such as those found in aerospace components [19, 65]. Pitch catch oper-
ation also requires less complicated electronics and prevents issues with individual
sensor malfunctions (e.g. electrical wiring problems) from necessarily compromis-
ing area coverage. Finally, the pitch catch use of sensors increases the number of

measurements and, consequently, reliability of extracted information.

2.2.2 Damage detection

In many plate-like structures, the overlapping arrivals of reflections from features
(e.g. edges, rivets, and stiffeners) complicate wave propagation and generally mask
the scattering due to small defects. Signal processing must be applied to data in
order to allow damage detection. Algorithms are being developed for these pur-
poses, and they include statistical pattern recognition, baseline subtraction, and
techniques which evaluate extents to which data exhibits signal changes estimated
to be produced by damage. The progress with these damage detection strategies

are reviewed in this section.
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Statistical pattern recognition

Statistical pattern recognition approaches track variations in quantitative indicators
extracted from recorded guided wave data in order to infer whether they are indica-
tive of the structure being damaged [10, 15]. Principal component analysis, machine
learning, and cointegration have recently been considered for these purposes as de-
scribed in [10, 66]. The computational complexity of the algorithms and the lack
of straightforward approaches to correlate observed changes in output quantities to

the sizes/locations of defects are drawbacks associated with the methods.

Baseline subtraction

A simple damage detection approach subtracts a currently acquired signal from a
baseline signal that was acquired from the structure in a healthy state [35, 41, 61, 67].
The resulting subtracted signal should reveal the changes due to defects and enable
straightforward detection of their presence. An example using data acquired within
this work, where a defect is introduced on a monitored 2 mm thick, 1.25 m x 1.25
m aluminum plate is used to illustrate the principle behind this method. A 20 mm
diamter, 0.5 mm thick PZT disc having screen printed electrodes is bonded on the
plate and used to preferentially excite 5 cycled, 100 kHz tonebursts of the SO mode
having group velocity v, =5430 m/s. Figure 2.6(a) shows the baseline signal, b(t),
normalized by the Hilbert envelope based amplitude of the SO arrival that is recorded
using a bonded PZT sensor at a distance p = 300 mm from the transducer. Damage
is introduced after acquisition of this baseline by drilling a @ 5 mm through hole at
a known location. The current signal, ¢(t), recorded following the drilling has been
offset, normalized by the SO arrival amplitude, and superimposed on Figure 2.6(a)
to allow comparisons with b(¢). The reflections from the plate edges complicate both
signals and make it impossible to discern any change in ¢(t) at around the expected
arrival time of the reflection from the hole (annotated in the plot.) However, the

signal resulting from baseline subtraction [35]

s(t) = b(t) —c(t) (2.3)
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should register the scattered signal due to the defect. A schematic of the ideal result
from the perfect subtraction of the signals in Figure 2.6(a) has been corrected for

beam spread using [21, 41]

(2.4)

and is plotted in Figure 2.6(b). Equation 2.4 is applied as is customary [41, 68|
in order to ensure that amplitudes in results get weighted properly so that signals
due to waves propagating via points at varying distances from transducers produce
similar responses. Simply subtracting recorded guided wave signals using Equa-
tion 2.3- 2.4 will not enable small defect detection if there are changes in operating

conditions without compensating for environmental effects (as will be discussed in

Section 2.2.3.)
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Figure 2.6: (a) Pitch catch signals collected on a 2 mm thick, 1.25 m square aluminum
plate using a sensor pair with the transmitting PZT at (z = 0.8 m, y = 0.3 m) excited by
5 cycled, 100 kHz tonebursts and a receiving PZT at (z = 0.8 m, y = 0.6 m) recording the
data with 100 averages from the damage-free plate, b(t), and after a D = 5 mm hole is
drilled at (z =0.29 m, y = 0.72 m), ¢(¢), and (b) a schematic of the ideal result from the
perfect subtraction of the signals in (a).
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Tests on structures ranging from simple and welded plates to container panels [36]
have shown that baseline subtraction does enable detection of a variety of defects
including artificially introduced holes, roughness defects, and notches [34, 47, 61, 69,
70]. Such defects may be detectable with as few as 2 sensors for a 12 m x 1 m area
as shown in [67]. Imaging of subtracted signals using the methods of [71-73] has
allowed localization of simulated defects in structures. The additional incorporation
of scattering information has enabled the sizes of @ 2 mm through holes [74] and the
orientations of through thickness notches [47] to be better captured in imaging stud-
ies. These results indicate baseline subtraction based methods may potentially allow

sizing and characterization of defects in addition to their detection and localization.

Other damage detection methods

Researchers have also integrated modeling the effects that damage types produce
on guided wave signals into defect detection schemes. Researchers have modeled
how damage changes the relative time delays in arrivals of Lamb wave modes and
investigated the feasibility of tracking this parameter from recorded guided wave
data for detecting defects [75, 76]. While delamination was successfully detected
using these approaches [75], problems have been reported in detecting cracks and
simulated corrosion in metallic plates [76]. Others have empirically modeled energy
dissipation due to damage and tracked the time-frequency energy content extracted
using wavelet representations of signals for detecting notches as well as delamina-
tions [77, 78]. Localization of defects using the wavelet based detection approaches
has required probabilistic weighting of indicators which further complicates the al-

gorithms and makes them difficult to use for defect sizing/characterization.

An approach in [79] exploits pairs of sensors attached on the opposite surfaces of
structures to record propagation data from which the mode converted signals are
extracted and their amplitudes tracked in order to detect notches. While interesting,
the sensor installation required for this notch detection strategy is challenging to
achieve in practice. A method which also employs analysis of only certain signals in
recorded data is described in [80]. This technique relies on adaptively filtering the
propagation patterns associated with sources in order to isolate the scattering from

defects, and has been effective for detecting and localizing a rod glued on a plate
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within the area surrounded by sensors.

The damage detection approaches described in this section have allowed discrimina-
tion of certain types of defects over limited regions of simple structures and are not
useful for detecting various forms of damage over larger areas of densely featured

plates. Therefore their use for a general SHM system is limited.

2.2.3 Compensation for environmental effects

A practical guided wave SHM system must enable the reliable detection of damage
in structures that experience environmental variability [31, 54]. Even small varia-
tions in temperature or loading can significantly affect guided wave velocities. The
associated time shifts in wave arrivals can contribute variability to signals which
can easily mask the scattering from small defects [81-83]. Thus, there is a need to
compensate for the effects environmental changes have on wave propagation so that
robust damage detection is achieved in real operating conditions. While various
techniques have been developed for these purposes [66, 75], the baseline subtraction
based methods are the most established [31, 63, 84-86] and the progress with these

approaches is discussed.

A major source of concern with the use of subtraction are that thermal swings
of >0.3°C can sufficiently alter wave velocities so that the associated arrival time
changes contribute coherent post-subtraction variability which easily masks the
presence of small defects in practice [35, 84]. In order to illustrate these effects,
the experimentally obtained signal ¢(¢) has been subtracted from b(¢) when there
are discrepancies of 1°C in temperatures at which these signals are recorded. The
subtraction is computed using the raw signals as defined in Section 2.2.2 rather than
using signal envelopes. The envelope based methods are not adopted despite be-
ing less sensitive to temperature dependent time shifts in wave arrivals because the
technique causes unacceptable reduction in detection sensitivity as demonstrated
in [35]. The subtracted signal which is computed has been plotted in Figure 2.7.
The result shows temperature related variability at the arrivals of the SO mode and
the reflections off plate edges exhibit higher amplitudes than the scattered signal
due to the hole.
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In order to overcome these effects, monitored signals are typically compared to
a collection of baselines recorded when the structure is exposed to the range of
expected environmental conditions, and the time bases of signals are commonly
stretched /compressed in order to compensate for unaccounted discrepancies in the
arrival times [84-88]. The results obtained after subtracting signals that have been
compensated for temperature effects (using versions of these algorithms that will
be described in Chapter 3) are overlaid in Figure 2.7. Compensation has lowered
the amplitude of post-subtraction variability at points where there are no expected
signals due to the hole. The signal scattered from the defect can be distinguished
around the expected arrival time. This result clearly shows that defect detection is
possible in the presence of temperature changes if the right compensation techniques
are used. These compensation strategies and their use with baseline subtraction
enable detection of 1.5% reflection changes over 1 m? areas of plate-like structures
undergoing other environmental changes [31] including uniform liquid loads if a

suitable mode is being monitored [63].

Applied stresses have been shown to cause the detectability of defects with baseline
subtraction to be compromised when signals are acquired with the structure expe-
riencing greater than 20% load difference [58, 83]. Recent research indicates load
mismatches can be deduced using approaches such as those developed in [89] so that
only data obtained when there is less than 20% difference in the state of stress in
the structure is compared to baselines. It would be preferable to exploit theoreti-
cal understanding of the effects of applied loads in order to develop compensation
strategies such as those used to correct wavenumber deviations and improve crack

detectability in [58].

The long service lives of the structures in all applications require stability in defect
detection capabilities of monitoring systems, an issue which has not been as well
addressed in studies of guided wave SHM. The aspects of studies which address
reliability issues of detection approaches have either neglected or been inconclusive
about the influences of environmental exposures [82, 90]. Most of the studies ex-
clude characterizing source influence on monitoring system performance in practical
situations. Recent studies which have involved environmental exposures [91, 92]

have primarily studied individual aspects of SHM systems rather than the suitabil-
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ity of the components as well as algorithms which could be used to detect damage
in practice. Some researchers at the University of Bristol and Ohio State who use
baseline subtraction based methods for damage detection have relied on updating
baselines [68, 93]. Research at Bristol which was focused on monitoring a larger
steel tank structure in an outdoor environment showed that there are unexplained
changes in test data, and indicated that 10% of signals acquired during a 40 day
period needed to be constantly added to their baseline set. While diagnostic evalu-
ations [91, 94] can be used to improve methods to continuously update baselines in
the future, the strategies would imply missing the detection of slow defect growth
which is the predominant nature of the fatigue crack growth or corrosion induced
damage which affect metallic plate-like structures. Such concerns lead to the need
to further investigate the long term stability of guided wave SHM. Therefore, the
background knowledge reviewed in this chapter was used to develop an SHM system

for studies of its long term stability as described in detail in the next section.
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Figure 2.7: The results obtained from the subtraction between the experimental baseline
signal acquired from the healthy structure and current signal acquired after the structure
has been damaged (of Figure 2.6(a)) for there being 1°C discrepancy in temperatures at
which the signals are recorded along with the results obtained after processing data using
the compensation algorithms described in detail in Chapter 3.

2.3 Guided wave SHM system for long term sta-
bility evaluations
The outstanding issue of the long term reliability of guided wave SHM was investi-

gated in depth throughout the remainder of this thesis using the monitoring system

and strategies described in this section.
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A guided wave SHM system was used which was based on monitoring low frequency
(<1 MHz-mm) SO wave propagation. The SO mode was chosen for the following

reasons:

e the SO mode is the fastest guided wave mode in this frequency range, which
means a directly transmitted SO wavepacket can be easily identified as the first
arrival in recorded data (whereas an AQ wavepacket can be hard to distinguish

among signals associated with wave reflections off edges and other features)

e SO waves are non-dispersive in this frequency range and have wavelengths
larger than those of non-dispersive AQ waves, which means their amplitudes get

less affected by linearly attenuative materials over fixed propagation distances.

e the energy leakage from out-of-plane displacements of the A0 waves in the
presence of fluid loads make this mode unusable for SHM of certain structures

(e.g. structures in oil storage tanks [95])

e the amplitudes of SO scatter from hole type defects of concern do exhibit less

directivity than A0 scatter as discussed in Section 2.1.3

e the SO mode transmits more uniformly across features such as corrugations

and stiffeners

e the arrival times of SO waves vary less appreciably with thermal swings as

described in Section 2.1.4.

It was decided to monitor pitch catch propagation patterns using sparse sensor ar-
rays and post-process recorded signals using baseline subtraction methods. The use
of sparse arrays of sensors operated in pitch catch mode enables broadening the cov-
erage areas achieved and increases the probability of detecting damage exhibiting
directional scattering characteristics with relatively simpler electronics as discussed
in Section 2.2.1. Compensation of guided wave data and baseline subtraction were
adopted as these damage detection techniques are the only approaches which enable
robust detection and localization of damage signifying as small as 1.5% reflection
change on complex structures experiencing various environmental changes (as dis-

cussed in Section 2.2.3.)
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The monitoring studies started with analysis of the detection capabilities that can
be achieved using the PZT transducers and the signal processing implementations
described in Chapter 3. All investigations employed comparisons between moni-
tored signals and baselines collected upon the instrumentation of structures with
sensors. The exposures of weathering and cyclical thermal variation are expected
in all applications, and the results of investigations of their effects on monitoring
capabilities and sensors are analyzed in Chapter 4 and Chapter 5 respectively. An
alternative option of using electromagnetic acoustic transducers (EMATS) to pref-
erentially excite and monitor SO wave propagation is evaluated for its capability in

Chapter 6.

2.4 Summary

This chapter presented the basics of guided wave propagation in plates, and reviewed
monitoring techniques which show potential for enabling practical guided wave based

SHM of real plate-like structures.

The waves which can propagate in plates are introduced prior to describing the char-
acteristics of the fundamental Lamb waves which were considered to be monitored
as part of an SHM system. The characteristic effects of dispersion on SO and A0
wave propagation are reviewed alongside aspects of the scattering characteristics
of each mode which should be analyzed so that SHM systems can be designed to
achieve sensitivity to defects over larger areas of feature dense structures. In order
for an SHM system to reliably enable monitoring of the structures in applications,
one should account for how expected changes in temperatures and applied stresses
influence the monitored mode. Therefore a brief summary is provided about how
these sources of environmental variability affect propagations of SO waves and A0

waves.

Subsequent sections discuss the progress with monitoring techniques that have demon-
strated potential to enable practical guided wave based SHM of large plate-like struc-
tures. The advantages of arranging sensors in distributed networks and operating

them in pitch catch mode have been outlined. The processing methods employed to
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detect defects in guided wave data recorded using arrays of sensors and the extents

to which compensation for environmental effects have been realized are reviewed.

The final section summarizes justifications for choosing to monitor propagation pat-
terns of the SO mode using sparse arrays of transducers along with the reasons for
adopting baseline subtraction based damage detection strategies. This section also
provides an overview of subjects including detailed descriptions of the SHM system
and the different studies used to investigate its long term reliability for small defect

detection, which are covered in the rest of the thesis.
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Chapter 3

Strategies for sensing and signal

processing

3.1 Introduction

This chapter discusses the practical implementation of an SHM system. Different
transduction mechanisms are considered in Section 3.2. Section 3.3 describes devel-
opments with PZT based sensors which were selected and optimized for monitoring
the propagation of low frequency SO waves. Data collected with these sensors need
to be processed for practical defect detection, and the algorithms implemented for

these purposes are discussed in Section 3.4.

A novel outcome of the work in this chapter is the design of a cap for bonded PZT
transducers with the experimental confirmation of the capability to generate stronger
waves of the SO mode compared to the A0 mode in 2 and 5 mm thick aluminum
plates. These developments are realized by building upon work with existing FE
models [41] with which it is also found that PZTs must be dimensioned for the
plate thickness of relevance in order to be able to excite the SO mode away from the
resonance of transducers. Procedures for acquiring baselines in an environmental
chamber which are used throughout the thesis are also presented and their use to
collect data which is processed with automated processing methods is shown to

result in adequate temperature compensation for SHM purposes.
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3.2 Transducer type selection

Various transducers including PZTs, EMATSs, and fiber optic sensors can be used
to generate and record wave propagation signals in a guided wave SHM system.
Researchers have demonstrated that PZT based sensors can generate high ampli-
tude guided waves and exhibit good sensitivity to their propagation over distances
exceeding 1 m even in complex structures [36, 96, 97]. PZTs can be used to man-
ufacture small and unobtrusive transducers relatively cheaply. Geometric selection
and bonding of appropriately polarized PZTs can be exploited in order to strongly

excite the fundamental Lamb wave mode of interest [91, 96].

EMATS are lower sensitivity devices which may be used to generate Lamb and SH
waves, and can be installed on ferritic metals relatively easily without any cou-
plants [40, 42, 48, 98]. Tt is for this advantage and its potential for use at high
temperatures that EMATSs have been developed and example applications are those
by MKCNDT [99] and ClampOn [100]. EMATS often require high voltage inputs as
well as sophisticated electronics and bulky high power auxiliary equipment, which

are not generally desirable in monitoring applications [67, 101].

Fibre optic sensors are relatively lightweight and have been considered for their
flexibility and ease with which they can be integrated into networks for multiplex-
ing [4]. The sensors are not particularly mode selective, and many Lamb wave
sensing systems based on the transducers have required different actuators as a re-
sult [15]. Breaks along any of the fibres of these sensors can also compromise all

sensing capabilities, and thus they were not chosen in this work.

The sensors consisting of bonded PZT discs are the cheapest among the various
options for transduction, and they may be used with the simplest actuation and
sensing electronics. It is for these advantages and the experience with developing
mode selective sensors based on PZTs that they were chosen and the transducers

described in Section 3.3 were initially used in evaluations.
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3.3 Bonded piezoelectric sensor design

A guided wave SHM transducer needs to have certain characteristics:

e selective excitation and reception of a Lamb wave mode [31, 91, 102], which was

chosen to be the SO mode in this work for the reasons provided in Section 2.3

e stable output over the operating frequency range which implies the transducer

should not exhibit resonances near the frequency at which it is operated [84, 96]

e robustness to environmental influences which include wetting and moderate

amplitudes of stress being applied to electrical connections of sensors.

FE analysis was employed in order to optimize the geometry of PZT transducers
and develop an encapsulation with a strain relief system that would meet these
objectives. The outcomes and the experimental validations of the adopted sensor

and encapsulation designs are described in the following sections.

3.3.1 Wave propagation model and its theoretical validation

The Abaqus FEA software was used for FE analysis as it allows to fully model the
bonded PZT assembly [41]. Since the PZT could only be defined in the Standard
module of Abaqus FEA, this frequency domain solver was used to analyze all models.
In order to ensure accurate and usable results, the modeling was split into small
steps of increasing complexity with each step being validated in sequence. The
initial steps involved modeling Lamb wave propagation in 2-5 mm thick aluminum

plates, followed by incorporation of the bonded PZT and encapsulation.

The omnidirectional excitation of SO waves is sought and this has been shown to be
possible using PZT discs whose dynamics can be modeled axisymmetrically [41]. In
order to eventually build up models to study the dynamics of round transducers an
axisymmetric model of plates was initially developed and analyzed (rather than a
2D plane strain model which is conventionally used to simulate Lamb wave propa-
gation.) The geometry of cross sections of the plates having 1 m radius, such as the

example of thickness thy.e =2 mm shown in Figure 3.1(a), were modeled. Elastic
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square CAX4 elements that had linear shape functions and 0.25 mm side length
were used to create structured meshes of the cross sections which were assigned the
material properties of aluminum (see Table A.1 of Appendix A.) This mesh size is
smaller than 4% of the smallest wavelengths of concern (i.e. wavelengths of 300
kHz A0 waves being 6.7 mm on a 2 mm thick aluminum plate), which is sufficient
discretization for good results [103]. The rows of elements located between r =500
mm and r =1000 mm were assigned cubically increasing viscoelasticity in the radial
direction for the purposes of preventing interferences from edge reflections. These
elements are colored gray and labeled the “absorbing layers” in Figure 3.1(a). Dis-
placement inputs were applied to the mid-plate thickness node on the symmetry
axis. Inputs were directed in the in-plane (4r) and out-of-plane (42z) directions
as shown in Figure 3.1(a) in order to excite SO and A0 waves respectively. The
frequency of the inputs was varied in increments of 1 kHz from 50-300 kHz which is
near the cut-off frequency for the first higher-order Lamb mode of 5 mm thick plates.
The steady state magnitude and phase of displacements in the resulting wave field
were monitored on the surface and at the mid-thickness of the plate at r = 300 mm

from the symmetry axis (circled points in Figure 3.1(a).)
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Figure 3.1: (a) Axisymmetric FE model of the plate having thickness thyjq:. and large
arrows that indicate the direction and location of displacement inputs. Discrepancy in (b)
the ratio of surface in-plane to out-of-plane displacements and (c) the phase velocities of
simulated SO mode propagation; errors are relative to values from DISPERSE.
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In order to validate the model results, the ratios of monitored in-plane to out-
of-plane surface displacements were compared to the values from the theoretically
predicted mode shapes calculated using DISPERSE [39]. The resulting errors are
plotted in Figure 3.1(b) for simulations of 2 mm and 5 mm thick plates. These
results are representative of the low level of discrepancy (<2.5% error) that was
found for both combinations of modes and the various thicknesses of plates modeled.
Additionally, the phase of the in-plane and out-of-plane displacement responses were
monitored at nodes along the mid-thickness of the plate at points separated by 3
mm between r =300 mm and r =515 mm; the responses were sampled every 3 mm
in order to ensure sufficient spatial sampling to accurately unwrap the phase values
obtained from simulated propagation of waves having wavelengths of 6.7 mm. The
unwrapped phase values for the frequency and the relevant displacement component
associated with predominant motion in each Lamb modes were used to calculate the
angular wavenumber and the desired phase velocity in turn. The percent error
in the calculated phase velocities relative to values that were obtained from the
DISPERSE software are plotted for the SO mode on 2 mm and 5 mm thick plates
in Figure 3.1(c). The very small errors are most likely due to differences between
the axisymmetric geometry of the plate modeled in the FE simulations and the 2D
plane strain assumption of the analytical solution. The discrepancies were deemed

acceptable for the purposes of this work and no further refinements were undertaken.

3.3.2 Bonded PZT transducer and excitation of the SO mode

The simulations of the fundamental Lamb wave propagations were accurate to within
2.5% error. This was thought to be sufficient validation so that the next step could
be taken and the PZT discs and adhesive layers were incorporated into models.
The model of the transducer assembly was used to study how it may be possible
to achieve preferential excitation of the SO mode (over the A0 mode) at frequencies

away from the resonances of bonded PZT discs.

Small temperature change and associated material property variations can produce
large amplitude changes and phase shifts in the waves excited with transducers
operated around their resonance [84]. This is undesirable for stable transduction

and therefore off resonance operation that results in strong signals is sought. In
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order to determine the frequency ranges which would best enable off resonance
selective transduction of SO waves, the model shown in Figure 3.2 was used to study
the dynamics of the bonded PZT and its effects on the excited guided waves; the
simulations are similar to those documented in [41]. A structured mesh consisting
of square CAX4 elements for the plate and epoxy as well as CAX4E elements for
the PZT were used to discretize the parts in the model which were assigned the
material properties in Appendix A.1. It was decided to use the same mesh size as
used in Section 3.3.1 and in [41]; simulations with models discretized using meshes
which were 2 to 4 times as dense did not alter analysis findings. Initially @ 20 mm
PZT discs of thickness thpzr =1 mm were considered for plates of all thicknesses as
these sensors were successfully used in previous studies [35, 36, 84]. Analyses were
run with the bottom electrode of the PZT grounded and its top electrode subject
to 1 V at each frequency over the range 50 to 300 kHz. The peak in the magnitude
and change in the phase of the in-plane velocity at the node on the circumference
of the PZT was used to determine the frequency of the first radial resonance f, of
the transducer. This resonance is the primary source of instability with thermal
changes [84]. Thus, f. and the frequencies of the -6 dB bandwidth points of the

resonance were tracked to select excitations outside the transducer resonance.

Simulations were used to optimize the excitation of the SO mode relative to the A0
mode on 2 and 5 mm thick aluminum plates; these thicknesses were chosen as plates
of these dimensions are common in aircraft. The study was undertaken to limit
the interference of the unwanted A0 mode in recorded guided wave data. Voltage
excitation was applied to the PZTs in the FE models, and the particle velocities
were monitored at the node in the middle of the plate that is located at r =300
mm; the in-plane and out-of-plane velocities at this node are characteristic of the SO
mode and the A0 mode respectively and were used to obtain the response of each

mode.
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Figure 3.2: Axisymmetric FE model of @ 20 mm PZT disc having thickness thpzr and
250 pm bonding layer on an aluminum plate of thickness thyqsc; the illustration is not to
scale, has top and bottom electrodes of the PZT designated using a +V and ground symbol
respectively, and hollow circles indicating points at which velocities were monitored.

The magnitudes of the velocity responses obtained from the simulation with the
PZT on the 5 mm thick plate are plotted in Figure 3.3(a). The peak in the SO
response is primarily reflective of the radial resonance of the PZT. The A0 response
contains several minima as well as peaks; the first minimum occurs at the indicated
frequency, ;3?”, of 154 kHz. The first minimum in A0 transmission occurs when out-
of-plane motion in the PZT suppresses propagation of the A0 mode as a result of
matching between the PZT disc diameter and the circular crested wavelength of the
A0 mode )\fjoD ) [91]. In order to confirm this phenomenon was being predicted well,
AGP) (40 ) was caleulated using Aao from DISPERSE [39] and knowledge of the
circular and planar Lamb wave excitabilities from [40]. In this case, )\%j )( A0 =154
kHz)=21.4 mm which is different from the transducer diameter of 20 mm by 7%;
the discrepancy is likely due to effects of the bond layer being non-negligible and
affecting the frequency at which suppression of the A0 mode is achieved as described
in, for instance, [91]. f49 was tracked as a desirable frequency to operate transducers

in order to strongly excite SO waves and suppress the propagation of A0 waves.

FE analysis with the same PZT bonded on a 2 mm thick plate indicated that f49,
is close to 100 kHz in this case; this frequency is also near the resonance of the
coupled transducer plate assembly. Simulations that were used to investigate the
effects of varying thpzr confirmed the frequency of this resonance increases with
thinner PZT discs of the same diameter (see Appendix B for details.) The 20 mm

diameter PZT of the smallest thickness, i.e. thpzr =0.5 mm, that was available from
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A0

suppliers was adopted in order to shift the transducer resonance furthest from f2,.

This thinner PZT was incorporated into FE models, and simulations were used to
obtain the velocity responses for the SO and A0 modes using the same approach used
for the case of the thicker PZT on the 5 mm thick plate. The magnitudes of the
velocity responses for both modes are plotted in Figure 3.3(b). The first minimum
in the A0 response occurs at the frequency when Af:’()l) ) equals the PZT diameter
(i.e. )\f’OD )( A0,=97kHz)=20.5 mm which is very close to 20 mm.) The frequency
fA8, of the first minimum in the A0 response occurs far below the PZT resonance,

which confirms the PZT may be feasibly operated around 7;41?” in order to suppress

the presence of the A0 mode.

Hanning windowed tonebursts are used to excite Lamb waves over a selected range of
frequencies near the point at which suppression of the unwanted Lamb wave occurs,
and were considered as voltage inputs to apply to the transducers [27]. Previous
research has shown the inputs applied to transmitting PZTs must result in > 8 dB
relative purity of the Lamb mode being monitored in order to ensure effectiveness
of the adopted unimodal temperature compensation strategies (described in Sec-
tion 3.4.1 [41].) Five cycled tonebursts of various centre frequencies f. up to 200
kHz were used as inputs and the energy in the SO mode (relative to that in the A0
mode) was evaluated using simulation outputs to determine the input with which
to achieve optimal excitation of this mode. Five cycled tonebursts of f. <200 kHz
were evaluated, which allowed inferences for inputs having centre frequencies up to
the 2nd PZT resonance (around 250 kHz.) The in-plane velocity response of the SO
mode and the out-of-plane velocity response of the A0 mode monitored at the node
in the middle of the plate were multiplied by the FFTs of the 5 cycled tonebursts at
different f. to calculate SO and A0 spectra. The area under the resulting SO spectra
over that under the A0 spectra allowed calculation of the S0/A0 mode amplitude
ratio at each f. (this quantity equals the ratio of area underneath the Hilbert en-
velope of the wavepacket at the SO arrival to that underneath the envelope of the

pulse at the A0 arrival according to Parsevals Theorem [104].)
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Figure 3.3: The magnitudes of the velocity responses for the SO mode and the A0 mode
obtained from the simulated motions of the mid-plate thickness node at r = 300 mm with
1 V applied to bonded PZTs having (a) thpzr =1 mm on a 5 mm thick plate and (b)
thpz7 =0.5 mm on a 2 mm thick plate.

The resulting mode amplitude ratios are plotted as functions of f. for transducers on
5 and 2 mm thick aluminum plates in Figure 3.4(a)-(b) respectively. The resonance
frequency, f,, of the transducers are indicated using the superimposed vertical gray
lines. The local maxima and minima that are respectively labeled A and B in the
curves occur close to the frequencies at which relevant multiples of )\SOD ) match the
transducer diameter and cause suppression or stronger excitation of the A0 mode.
The frequencies associated with the local maxima in the plotted ratios of Figure 3.4
are 165 kHz and 98 kHz for the transducers on 5 and 2 mm thick plates respectively,
and they are well separated from f,; it should be noted that these frequencies lie
outside the -6 dB bandwidth points associated with the resonance too. The area
underneath the envelope of the waveform at the SO arrival is larger than the area
underneath the envelope of the weaker pulse at the A0 arrival by >15 dB with inputs

at these centre frequencies.

Analysis of the ratios of Hilbert envelope based amplitudes of SO and A0 wavepackets
were computed too, and indicated that SO tonebursts have amplitudes that are >8 dB
higher than those of A0 wavepackets through the use of 5 cycled tonebursts at these
feon 2 mm and 5 mm thick plates. It is therefore recommended to apply tonebursts
consisting of >5 cycles and f, of 165 kHz and 98 kHz to the PZTs bonded on 5
mm and 2 mm thick aluminum plates respectively in order to achieve off resonance

transduction of sufficiently selective SO waves for the purposes of SHM.
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Figure 3.4: The energy in 5 cycled tonebursts of the SO mode relative to that in the
weaker AO pulse at r =300 mm as a function of f. of tonebursts applied to PZT discs
having (a) thpzr =1 mm on 5 mm thick plates and (b) thpzpy =0.5 mm on 2 mm thick
plates. The gray lines indicate the resonance frequencies f, of the bonded PZT discs.

3.3.3 Encapsulation

The use of the sensors in outdoor environments requires that the electrical connec-
tions to the transducers are weatherproofed and strain relieved. Encapsulation of
the PZT discs with the cap shown using isometric views in Figure 3.5(a)-(b) was
used to achieve these tasks. The thicker black lines in the diagrams show the coaxial
cable and the arrows indicate the pattern used to wind it through the sequence of &
3 mm holes in the embodiment for strain relief. The stripped wires from the ends of
the cable within the cap are connected to transducers using procedures that depend
on the electrode configuration of PZTs used. In instances involving the use of a
PZT having standard screen printed disc shaped electrodes, the live wire is soldered
to the exposed surface of the PZT disc and a separate ground wire is connected to
a different point on the plate as in [41]. The live and ground wires are soldered to
the respective surface electrodes on a PZT disc whenever one having a wrap around
electrode is used. The PZT disc is pressed against the ridge in order to fit it into the
cap. All holes on the cap are sealed using the adhesive (Loctite 9483, Loctite, UK)
which is then used to bond the assembly to structures. An axisymmetric diagram
of the encapsulated PZT bonded on a 2 mm thick plate is shown in Figure 3.5(c)

with various dimensional parameters identified.
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Figure 3.5: Isometric views of the cap which show (a) the winding of wires and (b) the
housing for PZT discs as well as (c¢) an axisymmetric cross section of the encapsulated
transducer with parameters identified which were finalized using FE analysis.

An anodized aluminum cap of height A =10 mm and ring thickness th,;,, =2 mm
was initially considered for encapsulation because a prototype could be built within
college machine shops. The cap was incorporated into FE models and simulations
similar to those described in Section 3.3.2 were used to obtain the velocity responses
for the the SO mode and the A0 mode. The magnitudes of velocity responses from
analyses with the transducer on a 2 mm thick plate are plotted in Figure 3.6. There
are undesired peaks in the SO response at 110, 135, and 180 kHz. There are changes
around the peak in A0 transmission at 50 kHz which are apparent when comparing

the dashed curve to the result of Figure 3.3(b).
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Figure 3.6: The magnitudes of the velocity responses for the SO mode and the A0 mode
obtained from simulated mid-plate thickness motions at r = 300 mm with 1 V excitation
of a bonded 20 mm diameter, 0.5 mm thick PZT disc that is encapsulated using an Al
cap of h =10 mm, thyjny =2 mm on a 2 mm thick Al plate.
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Operational deflection shapes (ODSs) showing relative amplitudes of motion at dif-
ferent points in the encapsulated transducer under the influence of its operating
forces were computed and compared to ODSs of the unencapsulated transducer to
determine the mechanisms causing changes in their responses [105]. The scaled
ODSs obtained at 50 and 110 kHz are shown in Figure 3.7. The ODSs of Fig-
ure 3.7(b),(d) show portal frame type vibrations in the cap [105]. The out-of-plane
motions at 50 kHz and expansion/contraction of the shell at 110 kHz are apparent
in the ODS of Figure 3.7(b) and Figure 3.7(d) respectively; the 110 kHz vibrations
influence transducer motions close to the region around f/9, of this transducer. The
dimensions h, th,,s, and the material were properties identified as influential to
these dynamics. These parameters were varied over the range of values shown in

Table 3.1 in order to minimize the undesired influences of the vibrations in the cap.
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Figure 3.7: Operational deflection shapes (ODSs) of the bonded 20 mm diameter, 0.5
mm thick PZT disc at (a) 50 kHz, (b) the ODS of the PZT encapsulated with an aluminum
cap of h =10 mm, thyig =2 mm at 50 kHz, and (c)-(d) the ODSs at 110 kHz; displacement

magnitudes are indicated via grayscale bands. Note the scales in (a)-(b) are different from
those in (c)-(d).
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Table 3.1: Parameters and range of values studied for encapsulation development.

Parameter Values studied
h 6-14 mm
thring 0.5-5 mm
material | anodized ALLHDPE

As the natural frequency associated with bending of a cylinder varies inversely with
its length [105], initial studies focused on how to adjust h to shift associated in-
plane vibrations in the cap out of the region around f49. Simulations were used
to monitor mid-plate thickness motions with incremental (2 mm) change in h. The

magnitudes of the velocity responses for the SO mode that were obtained from the

A0 .

oo results are split

simulations are plotted in Figure 3.8 in a 50 kHz range around
into two ranges of h for clarity. Figure 3.8(a) shows that increases in the frequency
associated with the motion within the cap of Figure 3.7(d) correlates with decreases
in h. Figure 3.8(b) indicates decreases in h shift this resonance out of this bandwidth.
This analysis led to the choice of a cap of 6 mm height, which equals the smallest
value of h allowing accommodation of the soldered electrical connections and strain

relief system.
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Figure 3.8: The magnitudes of the velocity responses for the SO mode obtained from
simulated mid-plate thickness motions at r = 300 mm with 1 V excitation of 0.5 mm thick
bonded PZTs which are encapsulated with aluminum caps having th,i,y =2 mm and (a)
h =10-14 mm as well as (b) h =6-8 mm along with the result for the unencapsulated PZT
on a 2 mm thick plate.
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Reducing h effectively eliminated undesired in-plane vibrations in the region around

A0

40 though this did not eliminate the effects on out-of-plane velocities. Decreas-

ing thying to 1 mm (with A =6 mm) to further reduce coupling of cap and plate
vibrations only resulted in slight improvements in SO purity (relative to A0.) Ma-
terial changes were sought thereafter to examine whether mismatches in acoustic
impedances (between cap and plate material) could be exploited to eliminate re-
maining vibrations. Simulations were run with caps made of HDPE material (see
Appendix A for material properties) which was identified as a candidate for its pro-
cessability and durability. The in-plane and out-of-plane particle velocities were
monitored at the mid-thickness node of the plate, and used to extract SO and A0
velocity responses respectively for the case of transduction with PZTs encapsulated
using caps made of this material. The magnitudes of the velocity responses are
plotted in Figure 3.9 along with the results when caps made of aluminum are used
and the PZT discs are not encapsulated at all. The similarity between the responses
obtained through simulations with HDPE caps and unencapsulated PZTs led to the
choice of HDPE as the cap material.

Simulations with encapsulated transducers on 2 and 5 mm thick aluminum plates
were used to confirm that the final cap design (h =6 mm, th;;,, = 1 mm, mate-
rial=HDPE) effectively minimized reverberations. The PZTs of FE models were
excited with 1 V at frequencies up to 300 kHz, and the velocity responses for the
SO mode and the A0 mode were obtained from the monitored wave field at the
mid-plate thickness node located 300 mm from the transducers. The velocities from
simulations involving 2 mm and 5 mm thick aluminum plates were weighted by the
FFTs of 5 cycled, 100 kHz tonebursts and 8 cycled, 170 kHz toneburst respectively.
I[FFTs were applied to the resulting velocity spectra in order to calculate the prop-
agations of SO and A0 wavepackets that may result with inputs that were being
considered. Figure 3.10(a) and (b) show the time traces for cases of SO and A0 mo-
tion in 2 and 5 mm thick plates, respectively, along with superimposed results from
simulations involving the unencapsulated transducers. The wavepackets of both
modes transmitted from the encapsulated transducers cannot be distinguished from
those transmitted from the unencapsulated PZTs. These results suggested that the

changes to the cap design ensured it would be suitable for encapsulation.
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Figure 3.9: The magnitudes of the velocity responses for (a) the SO mode and (b) the
A0 mode obtained from simulated mid-plate thickness motions at » =300 mm with voltage
excitation of the 20 mm diameter, 0.5 mm thick PZT disc, and the results obtained with
similar excitation of the PZT encapsulated using caps made of anodized aluminum or

HDPE and which have h =6 mm, th.;py =1 mm.
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Figure 3.10: The SO wavepacket and that of the weaker A0 pulse at a distance of 300
mm from encapsulated (HDPE caps of h =6 mm, th,i,y =1 mm) and unencapsulated (a)
20 mm diameter, 0.5 mm thick PZTs excited using 5 cycled, 100 kHz tonebursts on 2 mm
thick plates and (b) the results from FE analyses with 1 mm thick versions of the PZT
excited using 8 cycled, 170 kHz tonebursts on 5 mm thick plates; signals calculated using
the particle velocities monitored at the mid-plate thickness node of FE models.

70



3. Strategies for sensing and signal processing

3.3.4 Experimental validations

Experiments were undertaken to ensure the excitations applied to the transducers
of Section 3.3.2 could practically generate strong SO waves (relative to A0) and the

encapsulations of Section 3.3.3 were effective as designed.

Laser Doppler vibrometers (LDV) having standard sensor heads (OFV-505, Polytec,
DE) were used to measure the wave field from the transducers in order to verify that
they excite relatively strong SO waves on the aluminum plates for which they were
developed. The setup consisting of the LDVs in the configuration of Figure 3.11(a)
was used for these purposes. PZT discs of the dimensions in Section 3.3.2 which
were poled through the thickness and that had wrap around ground electrodes were
bonded at (x =0.475 m,y =0.625 m) and (x =0.415 m,y =0.625 m) on the 2 mm and
5 mm thick square aluminum plates respectively. An arbitrary waveform generator
(33220A, Agilent, UK) in line with an amplifier (7602, Krohn-Hite, US) was used to
apply inputs of 5 Vpp to the PZTs. The amplifier was needed as the interface used to
upload tonebursts to the function generator was configured to output signals having
amplitudes of 2 Vpp. Tonebursts of f. =100 kHz and 170 kHz were used to excite
the PZTs bonded to the 2 mm and 5 mm thick plates respectively; 8 cycles were
used for the higher frequency excitations as this enabled concentration of energy
near f7'9 while only 5 cycles were used at 100 kHz to avoid temporal elongations
of wavepackets (or decreases in resolution.) The beams of the LDVs were focused
at the observation point on top of reflective tape which was adhered to the plate
surface at distances of 300 mm and 420 mm from the PZTs bonded to the 2 mm and
5 mm thick specimens respectively; this positioning allowed temporal separation of
the SO wavepacket, the weaker A0 pulse, and the reflections from the plate edges. An
oscilloscope (44Xi, Lecroy, UK) was used to record signals of the surface velocities
output from the LDV decoder (OFV-5000, Polytec, DE) using 100 time averages
and a sampling frequency f; =10 MHz. The in-plane and out-of-plane components of
the velocity field were calculated from these measurements [106]. The wavepackets
at the SO and A0 arrivals in the respective time traces of in-plane and out-of-plane
velocities were windowed and FFTs were applied to obtain the spectra associated

with the characteristic motions of the modes.
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Figure 3.11: (a) The laser doppler vibrometer (LDV) measurement configuration and
plots comparing the measured (dotted lines) and simulated (solid lines) spectra of the
in-plane SO and out-of-plane A0 velocities on the surface of (a) 2 mm and (b) 5 mm thick
aluminum plates at r =300 mm and r =420 mm, respectively, from 20 mm diameter bonded
PZT discs of thpzp that are excited with the inputs used in Figure 3.9; maxima in SO
spectra have been used to normalize (b)-(c) to allow comparisons.

The magnitudes of velocity spectra were normalized by the maximum amplitudes
of the spectra for the SO mode. The results are plotted in Figure 3.11(b)-(c) along
with the corresponding results from FE simulations to allow comparisons; absolute
amplitudes of the velocities disagree with those obtained experimentally though
normalized results are of concern for assessing relative amplitudes of motion in the
two wave modes and are only considered here as a result. The plots indicate that
maxima and minima in the velocity spectra occur at frequencies that are close to
those obtained in simulations and show qualitative agreements in the relative pro-
portions of the excited SO mode and A0 mode. Minor frequency shifts are apparent

in the curves obtained from tests relative to those obtained using simulations for
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the cases of the PZTs bonded on 5 mm thick plates. These may be due to discrep-
ancies between the thickness or properties of the adhesive and those of the epoxy
in the FE model. The characteristics in the experimentally obtained spectra are
sufficiently similar to those obtained from FE modeling. Thus, the results validate
the recommendation to apply the inputs of Section 3.3.2 to the PZTs in order to

achieve preferential excitation of the SO mode (relative to the A0 mode.)

Following the experiments with the laser, receiving PZT discs having wrap around
electrodes were bonded at the locations where the laser was focused and used to
acquire pitch catch data. This was done in order to analyze waveforms recorded
between the PZTs, and to compare results to those obtained afterwards with the
same sensors encapsulated using the caps of Section 3.3.3. A Wavemaker (Duet X,
Macro Design Ltd, UK) function generator /receiver was used to apply 5 cycled, 100
kHz tonebursts of 60 Vpp to the transmitting PZT on the 2 mm thick aluminum
plate and the signal at the receiving PZT was recorded on the oscilloscope using
fs =10 MHz. The recorded pitch catch signal is shown in Figure 3.12(a) and the
waveform obtained from the test repeated with both sensors of the pair encapsulated
is shown in Figure 3.12(b); time traces are plotted on the same scale up to the region

at the end of the weaker A0 pulse in order to facilitate comparisons.

There are slight variations in the amplitudes of the two signals in the plots of Fig-
ure 3.12(a)-(b). These discrepancies are likely due to effects of the state of the
adhesive cure being different at the times when the data was acquired. The ratios
of the envelope detected amplitude of the SO arrival to that of the maximum in the
signal envelope at the A0 arrival extracted from waveforms of Figure 3.12(a)-(b)
equal 21 dB and 20 dB respectively. The pitch catch signals recorded from similar
tests between PZT sensors bonded on the 5 mm thick aluminum plate are shown
in Figure 3.12(c)-(d). The signal amplitudes are smaller in the pitch catch data
acquired using the pair of encapsulated PZTs in this case. The shape and temporal
length of the wavepackets at the SO and A0 arrivals are similar. The ratios of the
amplitude of the SO arrival to that of the weaker A0 pulse equal 25 dB and 26 dB
within the signals of Figure 3.12(c)-(d) respectively. These results indicate that the

developed encapsulation was fit for purpose.
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Figure 3.12: Pitch catch data obtained using (a) unencapsulated and (b) encapsulated
20 mm diameter, 0.5 mm thick PZTs bonded on a 2 mm thick, 1.25 m square aluminum
plate with separations of 300 mm in the configuration of Figure 3.11(a) and (c)-(d) the
data obtained using the 1 mm thick PZTs bonded with separations of 420 mm in the
configuration of Figure 3.11(a) on the 5 mm thick plate; the tonebursts used in Figure
3.9 were applied to the transmitting PZTs.

3.4 Signal processing methods

Guided wave SHM systems require signal processing to convert data recorded using
sensors into readily understandable maps for the discrimination and localization of
defects. Baseline subtraction is a defect detection method that is adopted for the
reasons discussed in Section 2.3, and it is applied after compensating guided wave
signals for temperature effects using the algorithms of Section 3.4.1. The resulting
subtracted signals can be used to form an image through various methods [41, 73,
107]. The delay-and-sum algorithm of Section 3.4.2 is employed as it is relatively

simple and sufficient for the stability studies in this work.
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3.4.1 Automated temperature compensation and baseline

subtraction
Description of algorithm

Baseline subtraction is a defect detection method which evaluates the difference be-
tween baseline signals from the structure in its healthy (baseline) state and current
signals monitored afterwards. This method was adopted in this thesis because it is
able to handle data that contains overlapping arrivals of features (e.g. edges, welds,
etc.) that are common in many plate-like assemblies and is the only approach for
which compensation for environmental effects such as temperature changes have
been demonstrated. Various methods have been exploited to compensate for the
effects of thermal changes. A method called optimal baseline selection (OBS) was
proposed in [108]. This technique requires a database of baselines be collected from
the undamaged structure experiencing the range of environmental conditions ex-
pected in service, and prescribes that monitored data is subtracted from the baseline
acquired when conditions most closely matched those encountered while monitored.
Further research confirmed that stretching of the time bases of guided wave data
accounts well for temperature related time delays that vary linearly with propa-
gation distance [87, 88]. The combination of baseline subtraction with OBS and
optimal stretch preserves detectability of 1-2% reflectors for instances of there being
discrepancies of up to 0.5°C in temperatures at which signals are recorded [84-86].

Therefore, these algorithms were implemented for processing data in this work.

The algorithm is an automated version of the one that has been extensively de-
scribed in [41] and is illustrated using a block diagram in Figure 3.13. Comparisons
are made between each current signal and a database of baseline signals recorded
over a temperature range the structures experience while they are operated in ser-
vice. The current signals recorded during the monitoring periods are high pass
filtered, power normalized, and subtracted from each signal in a database of base-
lines recorded every 0.5°C over the range of the operating temperatures (-5 to 40°C
here.) Intervals of 0.5°C are used as these have been shown to be sufficient and
practical for temperature compensation in [61, 84, 85]. The baseline for which the

subtracted signal exhibits the minimal root mean square (RMS) value is retained
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as the optimal baseline; the RMS value is used instead of other metrics such as the
maximum of the subtracted signal because it exhibits less sensitivity to changes such

as local thermal variations [85].

A frequency domain implementation of the optimal stretch algorithm is applied to
stretch/compress the time base of this optimal baseline and account for the lim-
itation of a finite database [84]; this algorithm is adopted because it performs as
accurately as recently optimized approaches to compensation [88]. The optimal
baseline for each current signal is zero padded prior to computation of its FFT, as
in [36]. Stretched baseline spectra are computed by interpolation of the optimal
baseline spectrum onto frequency vectors with incrementally varied step sizes, as
in [84]; spectral distortions are corrected using the procedures of [87]. Candidate
stretched baseline signals are obtained by applying inverse FFTs to interpolated
spectra. Out of all the candidate stretched baselines, the signal that results in the
smallest RMS value when it is subtracted from the current signal corresponds to the
optimally stretched baseline. Equation 2.3 is used to compute the difference signal
between the current signal and this optimally stretched baseline. The difference
signal is band-pass filtered using a cosine tapered frequency domain filter having
the bandwidth of 7 cycled tonebursts as in [41], and corrected for beam spreading
effects using Equation 2.4. The decibel (dB) values of resulting residual signals are
evaluated by considering envelope detected amplitudes relative to those of the SO

arrival in baselines to allow comparisons between data from different sensor pairs.
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Figure 3.13: Block diagram of the temperature compensation and baseline subtraction
algorithm which combines subtraction, optimal baseline selection (OBS), and optimal
stretch in order to calculate the temperature compensated residual signal.

Experimental evaluations

Experiments were used to validate the effectiveness of the implemented tempera-

ture compensation algorithms. Transmitting and receiving PZT discs having screen
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printed disc shaped electrodes and the dimensions of Section 3.3.2 were bonded at
(0.34 m, 0.42 m) and (0.73 m, 0.96 m) respectively on a 1.25 m square, 5 mm thick
aluminum plate using the two component epoxy adhesive (Loctite E-05CL, Henkel,
US) recommended in [41]. The plate was moved to an environmental chamber (Al-
pha 1550-40H, Design Environmental, UK) and cycled 6 times in the range 20-40°C.
Every 2 cycles consisted of periods of baseline signal acquisition in the temperature
ranges 19-21, 29-31, and 39-41°C followed by current signal collection at set points
of 20, 30, and 40°C. Tonebursts of 8 cycles and 170 kHz centre frequency were sent
to the transmitting PZT via an arbitrary waveform generator (33220A, Agilent,
UK) and amplifier (7602, Krohn-Hite, US), and the resulting received signals were

recorded using a preprogrammed oscilloscope (100 averages, fs = 10 MHz.)

The performance of the signal processing algorithms were analyzed using the col-
lected data. Temperatures associated with the current signals were compared with
those associated with optimal baselines chosen by OBS. As the two temperatures
consistently matched, this represented sufficient validation of OBS. The optimal
stretch algorithm was applied to process subsets of the baseline signals acquired
at temperatures that were 0.5°C and 2°C higher than those at which current sig-
nals were collected. The temperatures of the baselines were 20.5 and 22°C, 30.5
and 32°C, 40.5 and 42°C for the current signals recorded at 20, 30, and 40°C re-
spectively. Residual signals were computed by subtracting the current signals from
optimally stretched versions of the baselines. The residual signals for the current
signals at 40°C are plotted in Figure 3.14; tis arr and Zeoverage imit are the vy, based
arrival times of the direct SO arrival and its reflection from the point involving the
longest transmitter-edge-receiver path. The maximum amplitudes of the residuals
in Figure 3.14 are close to -36 dB and -30 dB for the cases of there being 0.5°C and
2°C difference in temperatures at which current signals and baselines are recorded
respectively. These values correspond to the averages of maximum residual ampli-
tudes computed from repeating tests for 20 sensor pairs. The results are indicative
of the different amount of change in signals due to varying levels of thermal change
and agree with what’s been found using previous implementations of optimal stretch

and the PZTs on 5 mm thick plates [41].
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Figure 3.14: Amplitudes of residuals relative to the SO arrival amplitude obtained by
subtracting a current signal acquired at 40°C from optimally stretched versions of baselines
collected at (a) 40.5°C and (b) 42°C using a sensor pair on a 5 mm thick aluminum plate.

Data was acquired using bonded PZTs on a 2 mm thick, 1.25 m square aluminum
plate prior to and after drilling a @ 5 mm through hole on the structure as described
in Section 2.2.3. This data is used to show the capability of the algorithms to
suppress temperature related variability and enable robust detection of the hole.
In particular, the signals from Figure 2.7 are plotted on a dB scale in Figure 3.15.
The results obtained from simply subtracting the pitch catch signals when there are
discrepancies of 1°C in temperatures at which the signals are recorded introduces
temperature related variability at 60, 180, and 300 ps. The added variability masks
the scattering due to the hole (circled in the plot.) Compensation using OBS lowers
the amplitudes of residuals at these times where no reflections from defects are

expected. Additional compensation using the optimal stretch algorithm results in
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the dashed curve, which clearly enables discrimination of the signal due to the defect

with 9 dB margin above the signal from regions of undamaged structure.
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Figure 3.15: Amplitudes of residuals relative to the SO arrival amplitude that result from
(a) subtracting the signals in Figure 2.5 as well as results from subtracting ¢(¢) from (b)
the optimal baseline and (c) an optimally stretched version of this baseline.

3.4.2 Imaging

Imaging is used to convert the information in the residuals from the sparse sensor
arrays into visual maps which aid in making practical judgments regarding the lo-
cation and severity of defects. Many of the algorithms which may be used for these
purposes are described in [107]. Methods have also been developed which allow lo-
calization enhancement through probabilistic assessment of the residual signals [73]
and adaptive weighting of image intensities [74]. The delay-and-sum (ellipse) beam-
forming technique is among the simplest of the methods to implement, relatively
robust to group velocity errors [107], and allows refinements such as those discussed
in [44, 74, 109]. Tt is for these reasons that the ellipse algorithm was adopted in
this work rather than alternatives. The main aim of this work is concerned with
analyzing the reliability of detection approaches rather than expanding imaging ca-

pabilities after all.

The ellipse algorithm uses a mapping function to assign pixel intensity values I(z,y)
to points (z,y) within coverage areas. In the implementation within this work,
the current signal recorded between transmitting sensor ¢ and receiving sensor j is
subtracted from the optimally stretched baseline using Equation 2.3. The Hilbert

envelope based amplitude of the result s;;(¢) is normalized by the amplitude of
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the SO arrival. The pixel values are evaluated as s;;(t;;(z,y)) where ¢;; is the group
velocity based arrival time of the wave propagating from the transmitting transducer

at (x;,y;) to the receiving sensor at (z;,y;) by way of (x,y), i.e. [41]

V= (= a + ;=) + (g =2

Ugr

b (o) = (3.1)
In order to accurately image reflection coefficients measured with the sensor pairs,
sij(tij(x,y)) are scaled for geometric spreading of the source and scatterer as in [45,
74](rather than beam spread correction using Equation 2.4.) The dB values of
resultant quantities are retained in a matrix ;;(¢;;(x,y)) which corresponds to the
contribution of sensor pair ¢j to the pixel intensity matrix. After calculating I;;
for all unique combinations of N sensors, results are summed and divided by the
binomial coefficient (];[ ) to obtain the image intensity map normalized by the number

of sensor pairs

1@)=(4) T %l (3:2)

The implemented algorithm was evaluated using data taken from studies in which a
shipping container door was monitored [36, 109]. In these studies, the area of the 2
mm thick, corrugated steel panel that is dashed in the photograph of Figure 3.16(a)
was monitored with an array of 20 mm diameter, 1 mm thick PZT discs bonded
at the numbered locations. Five cycled, 100 kHz tonebursts were input to sensors
and the propagation patterns of the strongly excited SO wave were recorded at the
other PZT discs until pitch catch data was acquired for all unique combinations
of transmitting and receiving sensors; the detailed experimental procedures can be
consulted in [36]. Signals were acquired during a 3 week period to compile a baseline
database which had maximum temperature gaps of 0.3°C, and current signals were
recorded a week later and after a couple of weeks with a 10 mm hole drilled at the

point marked by an X in Figure 3.16(a).
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Figure 3.16: (a) Array of bonded PZTs (circles) on a 2 mm thick container panel and (b)
the residuals from compensated baseline subtraction of pitch catch data monitored using
transmitting and receiving sensors 4 and 1, respectively, from the undamaged structure
and after a @ 10 mm hole is drilled at the X in (a). Photo and data adapted from [36].

Figure 3.16(b) shows sample residuals calculated by subtracting current signals from
optimally stretched versions of the baselines selected using OBS in [36]. The ampli-
tudes of residuals calculated for the undamaged structure are consistently less than
-55 dB. The residual signal for the case of there being a @ 10 mm hole exhibits
a maximum around 380 ps which is near the expected arrival time of the directly
reflected SO mode from this defect [36]. The amplitudes of the residual prior to and
after 380 ps are higher in this case than for the undamaged case as well. It is not
clear what could be attributed for the amplitudes of the residual being higher at
times prior to the expected arrival time of the reflected pulse from the hole. The
effects after the arrival of the reflection from the defect are of clearly higher ampli-
tude and likely due to the hole presence modifying the later portions of the pitch
catch signal (e.g. through reverberations of edge reflections off the defect and mode

converted signals in the reflected wave field.)

The residuals for the array were combined using the ellipse algorithm and Equa-
tion 3.2 in order to calculate image maps for the right side of the panel. The map
of the damage free structure is plotted in Figure 3.17(a) while that of the structure
containing a @ 10 mm hole is shown in Figure 3.17(b). These results are plotted
on the same dB scale and show that the damage free structure can clearly be dis-
criminated from the structure containing a localized defect. The area of the image

in Figure 3.17(b) that has the highest amplitudes corresponds to the location of
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the drilled hole. The results match closely to those obtained using the same data

in [36, 109] and were assumed sufficient validation of the imaging algorithms.

a b
) 21 Undamaged -30 ) 21 +10 mm hole -30
1-35 ‘ -35
" -
‘E; 404 § - \E ‘ : 4043
L _J
-45 ; P 4 -45
-50 ‘ s -50
0 1.25 0 1.25
x (m) x(m)

Figure 3.17: Images of the 2.1 m x 1.25 m area of the container panel marked using
dashed lines in Figure 3.17 in its (a) damage-free state and (b) in the presence of a hole
drilled at the marked X. Sensor locations are shown using circles and results were obtained
by processing array data with the ellipse algorithm. Reproduced using data from [36].

3.5 Summary

Transducers consisting of bonded PZT discs were analyzed using FE models so that
they could be used to achieve preferential excitation of low frequency SO waves. It
was found that the transducer should generally be developed for the plate thickness
of relevance to enable off resonance preferential excitation of the SO mode. In par-
ticular, 20 mm diameter discs of 0.5 mm and 1 mm thickness were found suitable for
cases of the structures being 2 mm and 5 mm thick aluminum plates respectively.

Further development of an encapsulation was achieved using parametric FE studies.

Experiments were used to validate the performance of operating transducers around
frequencies at which the circular crested A0 wavelengths match the PZT diameter
and enable suppression of this unwanted mode. Results from pitch catch tests with
encapsulated versions of these transducers confirmed that the developed cap does
not compromise the relative purity of the excited SO wavepackets (over A0). It was
found that SO wavepackets could be detected in pitch catch data with amplitudes
that exceeded those of the weaker A0 pulses by >20 dB on 2 mm and 5 mm thick

aluminum plates.
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The automated algorithms used to compensate data for the effects of temperature
changes and compute the subtraction between monitored pitch catch signals and
baselines that are used throughout this work were described. These algorithms were
applied to process experimental data acquired with the developed sensors bonded
on aluminum plates. Their effectiveness to compensate for temperature changes was
validated using data monitored from a 5 mm thick aluminum plate that experienced
thermal swings of 0.5-2°C. Further experiments were used to demonstrate the algo-
rithms enable robust detection of a @ 5 mm through hole on a 2 mm thick aluminum

plate.

The delay-and-sum imaging algorithm that is used to localize potential scatterers
was presented. The implementation was shown to allow successful differentiation of
a healthy complex container panel door and localization of a hole drilled into the

structure.
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Chapter 4

Initial long term weather exposure

experiments

4.1 Introduction

This chapter describes a practical feasibility study in which data is analyzed from
a guided wave SHM system exposed to British weather for a period of 9 months.
The system consisted of the encapsulated PZT transducers described in Section 3.3.
The transducers were bonded to a 5 mm thick anodized aluminum plate and used
to generate and receive 8 cycled, 170 kHz tonebursts of SO waves using the methods
of Section 4.3.1. Data collected with the sensors were compensated for thermal
effects using baselines collected with the specimen in an environmental chamber as
discussed in Section 4.3.2. Residual signal amplitude drifts and variations in the
images of the healthy plate are presented in Section 4.3.3. In Section 4.4, potential
reasons for the observed increases in noise levels are studied through analyses of
coherent and incoherent change in the data. Finally, Section 4.5 describes impedance
readings and ultrasonic scans which were taken at the end of the monitoring period
in order to assess the adhesive bonds and determine the most relevant robustness

issues to the findings.

The chapter shows that the adopted adhesive and the bonding practices used to
attach PZTs to a plate exposed outdoors contribute to degradation in SHM capa-
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bilities. Declines in the amplitudes of monitored guided wave signals and associated
increases in noise within the portions of time traces preceding the first SO arrival are
presented as is the simulated and experimentally verified relationship between these
trends and the performance of the baseline subtraction methods. Inspections show
weakening of the bonds between PZTs and the plate affect the deployed sensors,
and that ultrasonic scans are more sensitive than impedance readings for diagnosing

bondline changes.

4.2 Background

Research has shown that the sensing and signal processing processing strategies
described in Chapter 3 enable monitoring plate-like structures for small defect de-
tection over periods <3 weeks if a careful choice of adhesive is used to bond PZT's [84].
As PZT sensors have formed the basis of various SHM systems [36, 74, 85, 110], these
demonstrations and those of the survivability of transducers to electrochemical [111]
as well as fatigue loading [91, 112] have been encouraging. PZT sensor exposure to
high temperatures has been shown to cause some problems [91, 113] however only
in temperature ranges exceeding 90°C [114]. Most of these results have been shown
in simple experiments conducted within the indoor environments of laboratories.
Experiments with outdoor exposure of sensors have indicated that there can be sig-
nificant changes in the electromechanical impedance spectra of bonded PZTs [91].
Accelerated degradation of bonded PZTs in [92, 115] have also confirmed discrep-
ancies in guided wave generation and reception capabilities are to be expected. Yet
the effects of realistic weather exposures for a sustained period of time have not

been investigated in depth.

System stability is critical to ensure baseline subtraction techniques are useful for
practical damage detection over long periods of time. The compensation methods
of Section 3.4.1 enable robust defect detection in plates while they undergo homoge-
neous thermal change of ~0.5°C [84, 85]. Appropriate mode selection [63] or feature
extraction [116] may be exploited to preserve detectability in the presence of thin
layers of accumulated liquid or irregular wetting respectively. These findings are

encouraging though they are still based upon short term controlled experiments,
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and neglect factors such as the sensitivity of certain guided wave modes to humidity
induced moisture uptake [82, 117], temperature gradients [118], and the possible ef-
fects of longer term environmental attack [119-121]. A longer term test was recently
performed by University of Bristol researchers who monitored SO mode propagation
in an empty steel tank underneath a stairwell landing that was located outdoors [68].
There were consistent though unexplained changes of greater than 3% difference in
the data, and 10% of signals acquired during a 40 day period needed to be con-
stantly added to a baseline database that was continuously updated. The effects
that prolonged exposure to realistic conditions has on the robustness of transducers
in addition to the reliability of compensation and baseline subtraction methods have

not been simultaneously considered, and are therefore investigated in this chapter.

4.3 Outdoor monitoring experiment

This section describes the procedures used to instrument a 5 mm thick anodized
aluminum plate with an array of PZT sensors and the outcomes from outdoor mon-

itoring of this structure for a 9 month period.

4.3.1 Specimen and monitoring location

A 5 mm thick, 1.25 m square NS4 specification aluminum plate, with an array of
5 sensors in the configuration shown in Figure 4.1(a), was used for outdoor tests.
While this grade of aluminum is typically used in marine environments, phosphoric
acid anodizing had been applied to prevent potential corrosion of the unpainted and
exposed plate. The anodizing allowed the structure to remain defect free for the

duration of environmental exposure.

The sensor array consisted of five encapsulated @ 20 mm, 1 mm thick PZT discs
that had screen printed disc shaped silver (Ag) electrodes. Electrode surfaces were
cleaned, and the surface of the plate at the locations of Figure 4.1(a) were abraded
using sandpaper prior to being cleaned according to manufacturer recommendations.
Thin layers of the adhesive (Loctite E-05CL, Henkel, US) that was found to be

temperature stable in [84] was then applied to an electrode surface on each PZT
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and the surface of the plate to which it was joined. Joints were maintained in
compression during the curing process using 100 g weights placed on the sensors
to achieve thinner bondlines. The PZTs were then encapsulated using the caps of
Section 3.3.3. The top surface electrodes of PZTs was soldered to the wire end
protruding inside the caps prior to bonding and sealing caps using a water resistant
epoxy (Loctite 9483, Loctite, UK.) Sensors were heated to 70°C and left to cool to
room temperature before being heated again on two separate occasions to subject
bonds to temperatures above those expected in operation and prevent post-curing
effects as in [41]. Thermocouples (Glass fibre insulated type K, RS, UK) were
also bonded to the plate at the locations indicated by squares in Figure 4.1(a)
using a compound (Electrolube TBS20S, HKW, UK) formulated to provide thermal
conductivity in applications involving exposure to wet environments. Temperatures

were recorded using these thermocouples and a data logger (TC-08, Pico, UK.)

Guided wave propagation was recorded between the sensors using the data acqui-
sition system (DAQ) that is schematically shown in Figure 4.1(b). This system
included a high pass filter (Kemo VBF40; cutoff at 3 kHz) which was used to re-
move offsets in the data (from pyroelectric effects related to temperature changes)
as well as a custom built multiplexer (MUX) with relays controlled automatically
using MATLAB code. During typical acquisition of data using the array of sensors,
8 cycled, 170 kHz tonebursts of 5 V amplitude were produced using an arbitrary
function generator (33220A, Agilent, UK) and amplifier (KH7602, Krohn-Hite, US.)
The appropriate relay channel of the MUX was turned on to upload this input sig-
nal to a transducer. The relays were also turned on in succession in order to record
received signals at the sensors and save them (100 time averages, fs =10 MHz) using
the oscilloscope (44Xi, Lecroy, UK.) This process was repeated for other transmitters

in order to complete data acquisition.

The outdoor site at Imperial College which is shown in Figure 4.1(c) was chosen for
the monitoring test. The instrumented plate was left there initially for slightly longer
than 3 months in order to conduct a preliminary evaluation of whether the setup
would permit defect free monitoring outdoors. Temperature fluctuations (0-12°C),
wind (speeds>13 kmph), rain, hail, and snow were common during this period. The

weather variability contributed to the partial corrosion of steel weights left near

88



4. Initial long term weather exposure experiments

the setup, which correspond to the rusted masses toward the front of the plate in
Figure 4.1(c). The anodized plate remained intact without observable flaws. Trans-
ducers remained functional from the beginning to the end of the time period. These
observations confirmed the plate and sensors could be exploited for the monitoring
trial and the setup was moved indoors for baseline signal acquisition prior to the

commencement of monitoring thereafter.
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Figure 4.1: (a) Schematic of the array of sensors (numbered circles) and the thermocou-
ples (squares) on the 5 mm thick, 1.25 m square plate, (b) diagram of the data acquisition
system, and (c) photograph of the instrumented anodized aluminum plate and steel weights
(circled) which corroded outdoors; arrows in (a) originate at the plate center.

4.3.2 Baselines and noise floor

A baseline database was compiled with the plate inside an environmental chamber
(Alpha 1550-40H, Design Environmental, UK.) Baseline signals were acquired every
0.5°C in the range -5 to 40°C using the setup of Figure 4.1(b); temperatures were
verified using the thermocouple readings and considered as encompassing the ex-
tremes of London weather. Before using the baselines, current signals were acquired
at -1, 20, 30, and 40°C for the purposes of evaluating the magnitude of tempera-
ture related variability across the -5 to 40°C temperature range. All current signals
were post-processed using the automated baseline subtraction algorithm described
in Section 3.4.1 and a truncated version of the baseline database which consisted
of all baselines except those recorded at -1, 20, 30, and 40°C (i.e. for 0.5°C gaps.)
Figure 4.2(a) shows a typical baseline signal recorded at 40.5°C and the beam spread
corrected difference signal which results when a time trace obtained at 40°C is sub-
tracted from an optimally stretched version of it. Figure 4.2(b) plots the amplitudes

of the residual relative to that of the first SO arrival to more clearly show the low
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residual amplitude levels obtained by subtracting signals that have been compen-

sated for thermal effects.

The ellipse algorithm of Section 3.4.2 was used to produce images of the structure
using the data from the array at the various temperatures. The resultant images are
all plotted on the same 15 dB scale in Figure 4.3. The maximum values of the image
intensities are consistently less than -45 dB (relative to the first arrival amplitude
in signals) in the result obtained at -1°C. The images produced using data acquired
at temperatures >20°C have image intensities of amplitudes >-45 dB at some pixels,
which are evident primarily in the form of artefacts near the edges of the plate.
These differences are likely due to the glassy transition of the adhesive spanning 10-
40°C, and the elastic moduli of this epoxy being more sensitive to thermal change
across this temperature range [122]. Overall, the images indicated sufficiently low
amplitudes in residuals (<-40 dB relative to the first arrival amplitude) so that

monitoring commenced with these baselines.
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Figure 4.2: (a) Example baseline signal (grey) recorded at 40.5°C and the beam spread
corrected difference signal (black) calculated by subtracting signal recorded at 40°C from
optimally stretched version of the baseline, and (b) the amplitudes of the residual relative
to that of the SO arrival.
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Figure 4.3: Images of the defect-free plate at various temperatures with 0.5°C gap to
the nearest baseline with the sensor locations superimposed using circles. Results were
obtained by processing array data acquired in the environmental chamber with the ellipse
algorithm and are shown on a [-45,-30] dB scale to allow comparisons.

4.3.3 Monitoring results

Upon relocation of the plate outdoors, SHM data was acquired approximately every
6 hours for nearly 7 months after baseline collection. It was necessary to inter-
rupt the experiment at times when issues with the filter caused it to output noise
and made it necessary to reset the instrument as well as after power outages. The
findings indicate it may be preferable to use a different filter or a DAQ with the
waveform generator and oscilloscope in one device, and suggest it would be worth-

while incorporating an uninterrupted power supply into future setups too.

Monitored signals were compensated for temperature effects using the OBS and
optimal stretch algorithms that were explained in Section 3.4.1 and used to com-
pute residual signals. No changes were expected as no damage was introduced to the
structure and it was protected from corrosion via anodizing. However, tracking max-

ima and mean values of residuals within the plate area suggested post-subtraction

91



4. Initial long term weather exposure experiments

noise grew approximately linearly as a function of time for all sensor pairs. Figure 4.4
shows plots of the mean values of beam spread corrected residuals calculated using
processed data from several sensor pairs as a function of monitoring time in days
since the end of baseline collection (gaps in the data occur at times when the test was
interrupted.) Linear regressions were applied to the data and are superimposed on
the plots using gray curves. The slopes of these fits and similar fits to tracked values
of residuals at the first arrival were used to determine drift rates associated with
underlying trends of increasing post-subtraction noise. Slopes of these fits exhibited
higher variability for lower levels of noise (values being <-30 dB relative to the first
arrival amplitudes.) However, long term drift rates converged so that increases in
the amplitudes of the residual noise could be expected at approximately 0.12+0.02
dB/day.

Residuals and the ellipse algorithm were used to generate images of the structure
and analyze the noise trends throughout the plate. Figure 4.5 shows a typical subset
of images, on [-45,-30] dB scales, that were obtained from monitored data at various
times when temperatures were 15+0.5°C. As apparent in the images from the first
several weeks of monitoring, low levels of noise in the central area would initially
permit detection of small reflection changes (<-30 dB reflectors, for instance.) How-
ever, these capabilities are compromised by noise drifts later as the central region of

the plate becomes significantly populated by artefacts (e.g. see Figure 4.5(c)-(d).)

The phenomenon illustrated by the images is summarized in Figure 4.6. The plot
shows the mean I and standard deviation o; of pixel intensities in the area bounded
by the sensors as a function of monitoring time. These results confirm that the
pixel intensities also followed the linear increases of residual signal noise throughout
the central region of the image, and approached ~-20 dB at 200 days. In order to
evaluate whether this trend is affected by corrections being applied to the data, the
monitored signals were compensated for changes in the SO wavepacket, subtracted
from optimally stretched baselines, and used to produce images. The results of this
analysis are presented in Appendix C and they indicate that the corrections to the
data do not change long term trends in detection sensitivity which only improves

by ~3 -6 dB.
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Figure 4.4: The mean values of beam spread corrected residual signals (relative to 1st
arrival amplitudes) calculated after temperature compensation and subtraction between
monitored signals and baselines collected in the environmental chamber. Results shown
for various combinations of transmitting and receiving sensors.

A modest linear relationship between pixel intensities and temperatures was appar-
ent when plotting them against each other. This trend, illustrated by the plot in
Figure 4.7(a), was thought to arise from the correlation between higher tempera-
tures and monitoring time (encroaching summer in the test) as opposed to under-
lying residual signal noise changes. To more quantitatively assess the role of either
influence, errors between actual values of I and those predicted by linear fits were
compared. Figure 4.7(b) shows that discrepancies with time as the fit variable (black
points) are less (generally within 6 dB of actual values) than errors with tempera-

ture as the fit variable (gray squares; errors often greater than 10 dB.) This analysis
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4. Initial long term weather exposure experiments

suggested that ageing processes, independent of temperature variability, probably

caused the observed drifts.

The spatial distribution of noise found within images was analyzed by tracking the
radial distribution function, M(r). This quantity was calculated by summing [
at points (x,y) a distance, r, from the plate center (x =0.625 m,y =0.625 m) and

normalizing by the number of contributing pixels, N, via

M(r) = % > (1), (4.1)

{(2.)|/(2-0.625)2+(y-0.625)2}

This value was computed at each data acquisition point and averaged over 3 days
to yield estimates at the various weeks shown in Figure 4.8. These results indicate
the spatial distribution of noise tends to exhibit similar characteristics throughout
the monitoring period, with noise levels near the edges (corresponding to r =0.625

m) generally remaining slightly higher than over the remainder of the structure.

(a) +1 week (b) +3 weeks

0.6 0.9 1.2
x (m)

+ 11 weeks

0 03 06 09 1. 0 03 06 09 12
x (m) X (m)

Figure 4.5: Images of the plate generated using the processed residuals for SHM data
collected outdoors (a) 1, (b) 3, (c) 6, and (d) 11 weeks after baseline collection; results
shown on a [-45,-30] dB scale to allow comparisons.
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Figure 4.7: (a) The standard statistics of pixel intensities within the area bounded by
the sensors versus temperature and linear fit to mean values along with (b) errors in
regressions using monitoring time (black) and temperature (gray) as fit variables.

95



4. Initial long term weather exposure experiments

-15 x
-20rWEEK 28 T P
**** T pd
-25} Bl 1

)

)

S -30f .
WEEK 15 e
WEER 42 et

'35: : "Trecann, Visra,. . ......-------.-‘___‘____;.» “" o
WEEKS '™ fmm sy

40t '“emirims |
WEEK 1-2 /

45 0.1 0.2 0.3 0.4 0.5 0.6

r(m)

Figure 4.8: The radial distribution function, M (r), for increasing monitoring times.

4.4 Variability analysis

The raw current signals were analyzed to identify changes underlying the SHM data
and characterize the sources of variability which most closely related to increases in
post-subtraction noise and the artefacts in the images of the defect-free structure.
Various features of the directly received SO wavefront were studied for these purposes
first. This wave was considered as it corresponded to the guided wave mode for
which the deployed transducers and excitation were designed. Also, the general
complication of overlapping arrivals from edges made this arrival the only feature
that could be analyzed in a straightforward manner for all sensor pairs. The following

subsections highlight the key methods and findings of these investigations.

4.4.1 Studies of the first SO arrival

Variability in the amplitude and arrival time of the directly transmitted SO wavepacket
was quantified. The wave of interest was identified by the local maximum in the
signal envelope within the vicinity (+4 cycles) of the expected propagation time
(calculated using each pair’s sensor pitch and the SO group velocity); visual in-
spection confirmed these searches consistently differentiated maxima in the received

wave. Amplitudes exhibited significant variability from the start of monitoring and
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declined to 5% of initial values on average for all sensor pairs. The characteristic
variability in declines are representatively illustrated through the plots on the left
hand-side of Figure 4.9(a) which show first arrival amplitudes obtained from moni-
toring several sensor pairs (same as those in Figure 4.4); results are shown after the
application of a 10 point moving average low pass filter with appropriate weighting
for nonuniform acquisition times to isolate general trends from intermittent effects

of outliers.

Associated changes to raw waveform signal-to-noise ratio (SNR) were quantified
using the ratio of the first arrival amplitude to the mean of the values in the upper
third quartile of pre-first arrival noise values; this measure was chosen as it would not
be sensitive to outliers of peak noise values. While exhibiting some of the variability
found for signal amplitude changes, SNR declined more gradually; representative

plots on the right hand side of Figure 4.9(b) illustrate this trend.

Changes in the envelope detected arrival time of directly transmitted SO wavepack-
ets, which may have been introduced by the instrumentation in the progression of
the outdoor test, were analyzed. Differences between arrival times in SHM data
and those in corresponding optimal baselines (selected via the routines described
in Chapter 3) were computed. Arrival times in signals acquired during the moni-
toring period deviated from values within baselines by less than 5 ps; these offsets
signified maximum discrepancies of 4-7% relative to initial values. Such low dis-
crepancies, combined with their scatter in relation to monitoring time, suggested

instrumentation delays were insignificant.

The shapes of the waveforms were also assessed. Figure 4.10 shows the directly
transmitted SO wavepackets in data obtained from monitoring a couple of the sen-
sor pairs for which results are presented above at times when temperatures were
15+0.5°C. Signals have been normalized by the maxima of the absolute values of
their Hilbert envelopes to enables comparisons of shapes of signals of different am-
plitudes. Though the pulses don’t completely overlap, likely due to discrepancies
in temperatures at which signals were recorded, the wavepacket shapes appear con-
sistently similar. The characteristics are illustrative of those revealed by inspecting
data monitored using other sensor pairs too. These observations and the finding that

correcting data for changes in the wavepacket did not influence the imaging results
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in Appendix C indicated waveform shape change was not the significant source of

variability underlying degradation in SHM capabilities.
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Figure 4.9: (a) The amplitude of the first SO arrival and (b) raw waveform SNR in the
progression of the outdoor test.
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Figure 4.10: Wavepackets at the arrival time of the directly transmitted SO mode in
data monitored using sensor pairs (a) Transmitter 1 - Receiver 3 and (b) Transmitter 4 -
Receiver 1 when plate temperatures were 15°+0.5°C; results normalized by the SO arrival
amplitude.
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4.4.2 Unexplained noise influences

Signal amplitude declines and decreases in raw waveform SNR (see Figure 4.9) indi-
cated increased susceptibility to unexplained noise influences over the progression of
the test. The lack of association between coherent changes and the growth of post-
subtraction noise suggested that these effects accounted for the majority of sensitiv-
ity losses. To more quantitatively assess the relationship between these changes and
residual noise, the sensitivity of the compensation routines to raw waveform SNR
was studied using simulated data at first. SNR changes observed whilst monitoring
outdoors were then used to synthetically corrupt experimentally acquired SHM data

to evaluate their effects on residual noise trends.

Simulated SHM data containing the first arrival and a simplified out of phase edge
reflection at expected arrival times based on the SO group velocity was generated
for the array configuration of Figure 4.1(a). An example of a raw time trace for
a particular sensor pair corresponds to the black curve plotted in Figure 4.11(a).
Baselines were also constructed with arrival times of features offset by expected
time delays o0t [85] for |07 = 0.25°C gaps (the maximum deviation that could be
expected with baselines acquired every 0.5°C.) The inset of Figure 4.11(a) shows
the temperature induced delays of the first arrivals in the superimposed baselines
by zooming in around the region of the first arrival. Raw waveform SNR in SHM data
was varied by generating random number sequences and adding band-pass filtered
versions of the scaled sequences to waveforms. Figure 4.11(b) shows the band-
pass filtered random number sequence (in gray) that was added to the raw trace of
Figure 4.11(a) to obtain the corrupted signal of SNR= 7 (shown in black.) Simulated
signals corrupted in this manner were used to compute residuals via compensated
subtraction with the baseline database synthesized as described above. Beam spread
corrected residual values were computed relative to the first arrival amplitude for all
sensor pairs after any relevant baseline signal stretch. The statistics associated with
these signals were tracked for all pairs of the simulated array. A boxplot summarizes
the range (black), quartiles (blue), as well as medians of mean residual signal values
as a function of the varied SNR in Figure 4.12. The results show that the amplitudes
of residual signals computed using baseline subtraction increases as the SNR value

decreases. The correlation apparent in the plot of Figure 4.12 confirms the sensitivity
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of compensation strategies to changes in raw waveform SNR.
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Figure 4.11: (a) Generated signal of SO arrivals between transmitting PZT 1 and receiv-
ing PZT 2 with inset of zoomed in region showing time delays for +0.25°C gaps in 0.1 us
window near zero crossing of 102 us and (b) the band-limited random noise signal (gray)
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In order to demonstrate that changes in residual signals with weather exposure were
attributable to SNR changes, band-limited random number sequences were added
to SHM data collected early on (<50 days.) This was done to produce data having
the SNR values measured for the relevant sensor pairs in the experiment. Corrupted
signals were used to compute new residuals following temperature compensation and
subtraction using the algorithms of Section 3.3.1 and the baseline database collected
in the environmental chamber. Residuals corresponding to synthetically corrupted
signals revealed drifts in post-subtraction noise levels similar to trends from longer
term monitoring. This trend is illustrated through plots in Figure 4.13(a) which
superimpose the beam-spread corrected residuals associated with original (yellow)
and increasingly corrupted (darker in colorscale) data sets for the various pairs. Plots
in Figure 4.13((b) show the variation in mean values of residuals with changes to the
SNR; values for synthetic data are from residuals in Figure 4.13(a) and experimental
values are extracted from tracked means (as in Figure 4.4) plotted against SNR. The
correspondence between trends in results using synthetic and experimental data sets
confirmed that the SNR declines with long term weather exposure were significant

to the degradation of monitoring capabilities.
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Figure 4.13: (a) Residual signals relative to the first SO arrival amplitude for varying
simulated change to SNR values (legend indicates SNR values) in signals from outdoor test
and (b) comparisons in synthetically generated and experimentally observed relationships
between mean residual values and SNR.
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4.5 Tests to determine causes of SNR declines

The relationship between increased susceptibility to unexplained noise and post-
subtraction variability growth was quantitatively demonstrated. However, the physi-
cal source underlying signal amplitude declines had to be determined through further
diagnostic tests. Visual inspection revealed discoloration and plasticization among
other changes in the adhesive used to seal the cap after 9 months of weather ex-
posure. Figure 4.14 shows photographs of a newly bonded and sealed transducer
alongside those of sensors from outdoor monitoring for illustration. Observations
such as the ones annotated in these photographs suggested that the sealant prop-
erties changed, and likely compromised its capability to effectively waterproof and
protect the more critical bond between the transducers and the plate. As structural
adhesive joint durability is very sensitive to environmental attack [119-121], it was
speculated that prolonged exposures may have weakened the PZT-plate interface
and caused the amplitude declines (and SNR drops) reported in Section 4.4.1. It
was decided to focus tests on the adhesive bond between the PZTs and the plate
using techniques including impedance measurements, normal incidence ultrasonic
c-scanning, as well as visual inspection of exposed layers. This section discusses the

methods, findings, and implications of these tests.

Discoloration Separation |7}
- from surface| ==

Discoloration !

Chipping and thinning

Figure 4.14: Photograph of (a) newly bonded and sealed transducer as well as (b)-(d)
various sensors from the sparse array of the 5 mm thick anodized aluminum plate that
had been outdoors for 6 months since commencing monitoring (>9 months from initial
environmental exposure); annotations pertain to adhesive used as sealant.
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4.5.1 Electrical impedance measurements

The electrical impedance responses of transducers were used to evaluate adhesive
bond integrity. This technique was used as measurements have been shown [91] to
readily allow differentiation of disbonds. The effectiveness of this method arises from
the fact that a substantially degraded adhesive layer gives rise to the appearance of
free-vibration resonance characteristics of PZT elements. The joint for well bonded
sensors, on the other hand, simply shows a capacitive decay with increased frequency
due to the strongly constraining boundary condition imposed by the adhesive bond.
Therefore, coupling of any mechanical resonance characteristics of PZT discs into
the electrical impedance can be exploited to differentiate any disbonded sensors. As
transducers for the 5 mm thick plate exhibited radial resonances around 100-140 kHz,
impedance spectra Z were recorded in the 50-250 kHz range using an impedance

analyzer (4294A, Agilent, UK) connected to a PC through a GPIB interface.

Reference impedance readings were taken for free PZT discs and newly bonded
transducers on 5 mm thick aluminum plates initially; all discs reported here were
of the same nominal dimensions and material. The impedance magnitudes, |Z|, for
these cases are plotted on a log scale as a function of frequency in Figure 4.15(a)
and (b) respectively. The coupling of the fundamental radial resonance of the PZT
disc and the capacitive characteristic of the transducer are evident in Figure 4.15(b)
for the completely free PZT. Capacitive decay remains the sole feature in the plot of
|Z| for the well bonded sensor in Figure 4.15(a). Comparing measurements from the
sensors exposed outdoors with these readings, suggested that two of the five sensors
had at least partially debonded at the end of the monitoring period. The cases
where disbond indications were apparent are highlighted through the plots of |Z| in
Figure 4.15(c) and (d); note the indicative peaks over the 100-140 kHz range, corre-
sponding to the region of the expected transducer resonance. The smaller amplitude,
single sided nature, and broader bandwidth of the excursions in the magnitude of
the impedances plotted in Figure 4.15(c) and (d) (compared to that of the peak in
the impedance of the free PZT) reflects the remaining coupling between the trans-
ducer and the underlying structure through the degraded bond. Measurements for
the other sensors of the sparse array tested outdoors exhibited capacitive decay as

for the case of the transducer which is shown in Figure 4.15(e).
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Figure 4.15: Magnitude of the electrical impedance versus frequency for (a) newly
bonded transducer, (b) free PZT disc, (c¢)-(d) bonded transducers from the outdoors test
for which debond indicators were apparent, and (e) bonded transducer from outdoor test

for which there was capacitive decay.

4.5.2 Normal incidence ultrasonic scans

Ultrasonic scans of the transducers were considered for testing of the adhesive bond.
This method has demonstrated effectiveness for NDE of adhesive joints [120, 121,
123, 124]. Despite the higher sensitivity that could be achieved at oblique incidence,

scans with the normal incidence pulse/echo technique were used due to the rela-

105



4. Initial long term weather exposure experiments

tive simplicity in experimental procedures [120]. The schematic of Figure 4.16(a)
illustrates a cross section of the uncapped transducer bond; the adhesive thickness
indicated on this diagram equals the average value measured (ranges were 70-140
nm) using calipers upon destruction of various new bonds. Water-coupled ultra-
sonic energy sent to the structure from the side shown in Figure 4.16(a) would
partly reflect from and transmit across the various boundaries. Intact versions of
bonds would result in high transmission of energy through the adhesive layer, re-
sulting in high levels of reflection from the interfaces and the transducer backwall.
On the other hand, degraded adhesive layers would concentrate more energy in the
reverberations of the plate [121] and result in lower energy signals reflected from the

interfaces and the transducer backwall below the plate.

In order for this technique to work with simple time domain analysis of signals mon-
itoring ultrasonic energy, adequate separation of reflections is necessary; limitations
in capabilities to resolve echoes can hamper this as has been documented, for in-
stance, in [123]. Therefore, the pulse/echo response of an immersed high frequency
Imasonic probe (15 MHz, 56% bandwidth) situated above the multilayer transducer
assembly which is shown in Figure 4.16(a) was simulated in order to determine
reflections that could be readily differentiated. Bulk compression wave velocities
and densities were based on the literature except for the piezoelectric layer where
details were taken from the manufacturer; the detailed set of material properties
can be consulted in Table A.3 of Appendix A. The freely available SPECTRUM
software [125, 126] was used to obtain the frequency dependent reflection coeffi-
cients associated with the multilayer structure. Convolving the transducer response
with the reflection coefficient spectrum and application of an inverse FFT allowed
calculation of the time domain waveform (A-scan) that could be expected to be
received by the probe. The resulting A-scan with key features identified is plotted
in Figure 4.16(b). As evident from this plot, the adhesive layer interface echoes are
not separated and these cannot be analyzed. On the other hand, the first echo from
the aluminum plate-adhesive interface and associated layer reverberation (/;) is well
apart from the first (PZT BW1) and subsequent (PZT BW2) reflections from the
bottom of the PZT layer.
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Figure 4.16: (a) Multilayer structure of the transducer bond and (b) simulated
pulse/echo response of an ultrasonic probe at normal incidence produced using outputs
from SPECTRUM [125]. Plot in (b) has time 0 set to the beginning of the plate surface
echo, which has been clipped in order to facilitate visualization of the direct reflection
from the plate-adhesive interface I; and the reverberations of interest (described in text.)

The reflections identified in the preceding discussion could be used to track the ratio

of energy, e.g.

ZTBWI1(t)[?
[iL@PF

P
at points (x,y) where A-scans were taken to assess the bonded region. Points of bet-
ter bonding correspond to higher values of E, as more energy transmits through the
adhesive and reflects from the PZT backwall(s). Degradation however concentrates

more energy in the reverberations of the plate leading to lower E.

The experimental setup used to acquire the c-scans for bond assessment is shown
in Figure 4.17(a). To facilitate collection of data over the area of the transducer
bond, the flat faced 15 MHz probe having 6 mm active diameter (IM serial number
8849 A101, Imasonic, FR) was secured in a mount on a programmable scanning
frame; only the arm of the scanning frame, which was a custom built three axis
stepper motor controlled apparatus, is shown for clarity. The scanning frame, probe,
and test specimen surface were aligned with respect to each other in the z— and
y—axes using alignment knobs on the probe holder, the screw adjustable legs on the
supports holding the water tank and specimens, and a spirit level; this was done to
ensure waves were transmitted and received at normal incidence throughout scans.
Figure 4.17(b)-(c) illustrate the scan configuration and the area of immersed sections

of the plate containing the uncapped transducers respectively. For a typical scan,
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the Winspect software was used to program the motor controller (SMDO03, USL, UK)
and indexer (AT6400, Parker, US) in order to automatically move the arm with the
probe holder in increments of 1 mm over the rectangular scan area parallel to the
region of the plate encompassing the transducer bond. With each successive move
in probe position, the pulser/receiver unit (UT340, UTEX, CA) was used to send

amplified pulses and receive A-scans which were digitized and saved on the PC.

A-scans with the probe directly above new transducer bonds were used to confirm
that the reflections from the plate backwall and transducer backwall were well sepa-
rated; a typical A-scan zoomed around the vicinity of the first plate backwall, with
the first several reflections from the transducer backwall, is shown in Figure 4.18.
After ensuring this, scans over the area of these transducer bonds and those exposed
outdoors were acquired using the procedures detailed above. The energy ratios, F,
were computed over the same time gate lengths of A-scan waveforms shown in Fig-
ure 4.18 for each point in the grid of the scan using Equation 4.2 to generate images.
Reference images produced for newly bonded transducers were used to calibrate the
scale on which to assess F over the scanned area; images generated for the sensors
exposed outdoors were considered on a grayscale for which the uniform bond of the
newly bonded transducers was apparent in white. Representative images of F using
the first PZT and plate backwall reflections are shown on this scale in Figure 4.19 for
a new transducer bond as well as for various bonds that had been outdoors in the
long term monitoring experiment; similar results were obtained when considering
the ratio with the second PZT backwall as well. Regions of relatively lower en-
ergy transmission through the adhesive were discernible in images for sensors which
had been subject to environmental exposure. For illustration, compare the uniform
bright area in the center of the image for the case of the newly bonded transducer
to the relatively darker regions in the circular areas corresponding to the transducer
bond location in Figure 4.19(b) and (c). Scan results were more sensitive to subtler
changes in bond state than impedance measurements, registering both large and
smaller areas of poor bonding. This was true even for the cases where the latter
technique had not indicated disbond; e.g for PZT 1 in Figure 4.19(c). Based on
findings from this test, and readings taken with the impedance analyzer, it was de-
termined that bond quality deteriorated nonuniformly over the progression of the

outdoor test for various pairs. Environmental attack was thought to be the reason
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4. Initial long term weather exposure experiments

behind degradation of adhesive layers though the exact mechanism could not be

determined conclusively.
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Figure 4.17: (a) The setup of the ultrasonic probe (cylinder) in the mount with alignment
knobs (light gray), leveling legs (triangles), and programmed probe movement (dotted
lines) used to acquire c-scans at normal incidence and the (b) side and (c¢) top down
views showing samples and scanned areas; the circle in (¢) signifies the bonded transducer

location.
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Figure 4.18: Typical ultrasonic A-scan waveform acquired at normal incidence.
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Figure 4.19: Images of the energy ratio F(x,y) generated for (a) a new transducer bond
and for (b)-(c) two sensors which had been environmentally exposed in the long term
monitoring experiment; the first reflection from the PZT and plate backwall reflections
used to produce these images.

4.5.3 Visual inspection of adhesive layers

Adhesive layers of transducer bonds were visually inspected after separating sensors
from the plate. A wedge was applied at positions around the circumference of the
PZT discs close to where poor bonding was suggested by images from scans. The
wedge was repetitively tapped into the interface region at these points to impart min-
imal additional change to the adhesive layer. While subjectively determined, PZT
discs were more easily detachable from the plate than when newly bonded discs had
been separated to determine bond line thicknesses. These observations correlated
with the findings above- that weakening of the bond was prominent at the end of the
monitoring period. Some irregularities were apparent in some of the exposed layers.
For instance, note the areas of discoloration, trapped water, and the globular defect
in the photo of Figure 4.20(a). These indications combined with discoloration, of-

ten near the edges of the bond, suggested water ingress and chemical degradation
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4. Initial long term weather exposure experiments

may have influenced the adhesive bond. Inspection of the exposed adhesive layer
from sample transducers of the 5 mm thick anodized structure and those that had
been exposed outdoors on another (2 mm thick anodized aluminum) plate showed
that the adhesive consistently remained attached to the plate. This suggested an
interfacial bond failure at the transducer-adhesive interface; note, for instance, that
only a small region of the film is detached from the plate in the photograph of the
adhesive layer in Figure 4.20(b). This failure mode was found to be consistent with
expected and observed [120, 121, 124] results in the literature. The suggestion that
moisture [119, 120] weakened the bond, and ultimately caused swelling and delam-
ination growth at the PZT-adhesive interface were judged likely [127, 128]. After
all, the latter interface involved bonding to transducer electrodes (Ag composition),

and the structural adhesives being used were not designed to bond to such surfaces.

b)

Figure 4.20: Photograph of the adhesive layers for two transducer bonds that had been
exposed to outdoor environments with circle in (b) indicating separation from plate.

4.6 Summary

A long term (>9 months) outdoor test of a guided wave SHM system on an anodized
aluminum plate structure was undertaken. Residuals were computed between signals
from monitoring the sparse sensor array and a baseline database collected in an en-

vironmental chamber. Changes in monitoring capabilities were described. Drifts in
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4. Initial long term weather exposure experiments

residual noise levels were observed and quantified for all sensor pairs. Correspond-
ing degradation in imaging capabilities was apparent. The trends were analyzed
and found to be independent of recorded temperature changes, and have spatial

distributions that did not vary in shape over time.

Studies of the SO arrival confirmed that signal amplitude declines (along with cor-
responding SNR declines) were the primary characteristic trend apparent in SHM
data. The influence of changes in SNR on post subtraction noise was quantitatively
demonstrated using simulations and synthetically corrupted SHM data. The results
confirmed that sensitivity of compensation strategies to random noise (with sig-
nal amplitude declines) accounted for observed trends in degradation of monitoring
capabilities. This result also confirmed that consistently high SNR is required to

successfully utilize guided wave SHM with the current signal processing strategies.

Diagnostic evaluations of transducer bonds were undertaken using impedance mea-
surements, ultrasonic scanning, and visual inspection of adhesive layers. These tests
confirmed that total disbonds and partial weakening of bonds at sites of the sensor
electrode-adhesive interface were common for sensors that had experienced exposure
outdoors. It is speculated that nonuniform bond degradation therefore contributed
to signal amplitude declines. These findings suggest that a more suitable adhesive

bond for electrode material should be identified.
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Chapter 5

Long term stability with

temperature cycling

5.1 Introduction

The tests of Chapter 4 indicated that residual signal noise levels increase and debond-
ing of the adhesive used to attach sensors to the plates is a relevant issue. In order
to continue assessments with systematic studies of the long term stability in defect
detection achievable on damage-free plates, sensors were used to monitor thermally

cycled aluminum plates.

This chapter presents the assessments of baseline subtraction stability as a function
of thermal cycling. Section 5.2.1 describes the setup and the procedures used to
collect SHM data. Analysis of residual signals and variability within guided wave
data collected with this SHM system are presented in Section 5.2.2-Section 5.2.3
respectively. The results indicated that changes in the properties of the bonds
between the sensors and the structures were responsible for measured drifts and
increasing coherent variability within the data. This was studied in Section 5.3
by simulating the effects that adhesive property variations have on compensated
subtraction results. Independent measurements of adhesive properties as a function
of thermal cycling are discussed alongside the relevance of the results to monitoring

trends in Section 5.4.
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5. Long term stability with temperature cycling

The major novelty of this study is it establishes that the size of defects that can be
reliably detected using baseline subtraction of propagation signals sensed at bonded
PZTs progressively increases due to effects that thermal cycling exposures have on
transduction. The chapter contributes an investigation into the changes in capa-
bilities of monitoring plates with PZTs that are bonded to structures using four
adhesive systems. A technique allowing accurate simulation of the effects of thermal
variations on SHM data is used to show the sensitivity of the performance of the
adopted baseline subtraction methods to changes in the properties of the adhesive
layers of bonded PZTs. This analysis and measurements on bulk samples of adhe-
sives leads to an identification of changes in the dynamic moduli of adhesives as a

source of variability affecting the SHM system.

5.2 SHM experiments

5.2.1 Experimental setup and monitoring timeline

Thickness-polarized 20 mm diameter, 0.5 mm thick PZT discs were used that had
been manufactured by Noliac to each have a circular wrap around ground electrode
as well as an electrically separated crescent shaped signal electrode. Connections
to only one side of these PZTs were required. The PZT discs were bonded on 2
mm thick square aluminum plates having sides greater than 1 m long at separations
of p =0.42 m, as shown in Figure 5.1(a). The sensors were operated in pitch catch
mode with this positioning allowing temporal separation of the SO arrival from the

weaker AQ arrival and near edge reflections.

The two part epoxies of Table 5.1 were used for bonding sensors. Loctite E-05CL was
chosen based on recommendations in [41], 3M DP105 and Araldite 2011 were selected
among a list compiled from consultations with manufacturers about adhesives that
had similar mechanical properties but better humidity and solvent resistance than
Loctite E-05CL, and Araldite 2014 was chosen because of experience in the lab
using it and for its greater environmental resistance. The choice of these adhesives
allowed studies of the long term behavior with different bonding systems (note the

different glass transition temperatures and consistencies of the various adhesives.)
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The sensor electrode surfaces as well as those of the plate were cleaned according
to procedures recommended by each manufacturer. Thin adhesive layers were then
applied uniformly to both joint surfaces. Joints were maintained in compression
during the curing process by placing 100 g weights on the sensors to achieve thinner
bondlines. This was done in order to achieve thinner adhesive layers which allow
better suppression of undesired waves of the A0 mode as shown in [91]. Bonds were
left to cure at room temperature for at least as long as specified by each supplier.
RF shielded cable ends were soldered to the sensor electrodes as shown in the zoom
inset of Figure 5.1(a). Plates were then moved to the environmental chamber (Alpha
1550-40H, Design Environmental, UK.) Sensors were postcured using 3 cycles of
heating from room temperature to 70°C; the temperature was kept at 70°C for one
hour in between each cycle to increase crosslinking [129] and relax residual stresses

as advised [41].

Sensors were connected to a custom built multiplexer (MUX) on the DAQ system
that is schematically shown in Figure 5.1(b). This allowed efficient collection of
SHM data from all sensors while cycling specimens according to the thermal profile
of Figure 5.1(c). Baselines of pitch catch propagation patterns between sensors
were obtained throughout the -5°C to +40°C range at steps of 0.5°C. Thermocouple
(Type K, RS, UK) readings from points on the plates and within the chamber
that were recorded with a data logger (TC-08, Pico, UK) confirmed temperatures
had stabilized at each measurement point. Data acquisition was then started by
sending the 5 cycled, 100 kHz toneburst inputs as recommended in Section 3.3 to
the transmitting PZTs via the function generator of the Handyscope (HS3, Tie Pie
Engineering Ltd., NL.) Connections to the receiving transducers were turned on
sequentially using the MUX. The voltage signals resulting across the electrodes of
the sensors were digitized (100 time averages, fs; =20 MHz) using the A/D converter
of the HS3.

Specimens were subsequently cycled in the range from 15-35°C prior to acquisition
of a second baseline set (after more than 60 cycles of exposure) and continuation of
cycling; plates were kept damage free for the duration of this period. The current
signals were recorded at 15, 25, and 35°C, as indicated in Figure 5.1(c), using a

similar procedure as for the baselines. The experiment was continued for test periods
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5. Long term stability with temperature cycling

exceeding 150 days (>220 thermal cycles of exposure.) In order to determine whether
small defect growth could be reliably detected throughout the experiment, data was
processed using the temperature compensation and baseline subtraction algorithms

of Section 3.4.1 to compute residual signals.
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Figure 5.1: (a) A 2 mm thick, 1.25 m square aluminum plate in the environmental
chamber having PZT disc sensors bonded with separation of p =0.42 m, (b) DAQ for
acquisition of pitch catch signals from multiple pairs of PZT sensors, and (c) timeline for
thermal profiling and SHM of plates in chamber experiments.

Table 5.1: Manufacturer supplied information for adhesives used to bond sensors.

Name Consistency | Glass transition (°C) | « (105°C-1) Source
E-05CL Medium 10 38 Loctite [122]
viscosity
DP105 Low 15 N/A 3M [130]
viscosity
Araldite 2011 Paste 45 85 Araldite [131]
Araldite 2014 | Thixotropic 85 21 Araldite [131]
paste
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5.2.2 Baseline subtraction stability

The purpose of the study was to analyze the long term stability of the bonded guided
wave sensors and the baseline subtraction damage detection approach. Current sig-
nals collected after baseline acquisition periods of Figure 5.1(c) were processed with
the temperature compensation methods of Section 3.4.1 before calculating residu-
als. The dB values of beam spread corrected residuals were then computed. The
plots in Figure 5.2 superimpose representative residual signals at 25°C from data
obtained with pairs of sensors bonded using DP105 and Araldite 2011 epoxies; t1g arr
and tcoverage limit are the group velocity based arrival time of the directly transmitted
S0 wavepacket and the time for the reflection from the point involving the longest
transmitter-edge-receiver path. The results in Figure 5.2(a) were obtained using
baselines acquired at the beginning of the monitoring period. The plots of Fig-
ure 5.2(b) were produced using the second baseline database acquired after >60
cycles of exposure. Subsets of residuals are presented for the purposes of clarity
though the same features were evident in all data collected with these and other

adhesives.

The most significant features in the data are an increase in the amplitudes of residual
signals from their initial level. For instance, note the maxima of plotted residuals
are <-40 dB over the whole monitored time for low thermal cycle numbers. How-
ever, residual amplitudes drift to anywhere between -30 to nearly -20 dB after >150
cycles. These changes correspond to increases in the smallest damage size that can
be reliably detected. Processing current signals with the second set of baselines
resulted in lower residual amplitudes initially, as compared to the earlier monitoring
times of Figure 5.2(a). The increases in the values of residuals obtained with data
collected after continued cycling, however, confirms that degradation of monitoring
capability is not only confined to the initial monitoring period. Indicators includ-
ing the maxima of residual signals, residual signal values at the SO arrival, and the
average values of residuals in the range fis arr < t < tcoverage imit Were tracked. Fig-
ure 5.3(a)-(b) plots these quantities computed using residuals from the pair bonded
with the DP105 adhesive and both baseline sets. As can be seen in these plots, all

indicators exhibited similar trends in the long term.
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Figure 5.2: Examples of trends in residuals plotted on a dB scale for pairs of sensors
bonded with DP105 and Araldite 2011 adhesive using (a) first and (b) second baseline sets;
monitored data was acquired with transmitting and receiving PZTs respectively bonded
using DP105 at (z =0.835 m,y =0.625 m) and (z =0.415 m,y =0.625 m) on a 2 mm thick,
1.25 m square aluminum plate and using Araldite 2011 at (x =0.835 m,y =0.938 m) and
(x =0.415 m,y =0.938 m) on a second 2 mm thick, 1.25 m square aluminum plate.

Drift rates were used to analyze the effect of adhesive type on baseline subtraction
stability. Linear regressions were applied to the tracked average of residuals in
the range tist amr < t < teoverage limit Versus thermal cycle number in the monitoring
experiment; representative fits are shown using superimposed solid dark lines in
Figure 5.3(a)-(b). Fits were applied to tracked values of indicators computed from
collections of residuals for all tested transmit-receive pairs (>6 per adhesive) at
each temperature (15, 25 and 35°C) in the monitoring experiment. There were no
discrepancies in the range of slopes from the fits when considering drift rates from
data obtained at the different test temperatures. Therefore, medians and inter-
quartile values Q(25th percentile) and Q3(75th percentile) that were computed
from all data are plotted on one axis in Figure 5.3(c). The positive drift rates

confirm that data from all bonded sensors exhibit drift. Drift rates associated with
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data collected using sensors bonded with Araldite 2011 are lower than the drift rates
associated with data collected using sensors bonded with the other adhesives. In all
cases, however, the minimum defect size that could be reliably detected increases

markedly with thermal cycling.
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Figure 5.3: Residual values at the first SO arrival time (.), mean values of residuals in the
range tise arr < t < teoverage limit (), maxima of residuals (00), and linear fits to mean values
of residuals (solid black line) evaluated using full data from the DP105 adhesive pair of
Figure 5.2 versus thermal cycles since acquisition of (a) first and (b) second baseline sets,
and (c) drift rates from linear fits to mean values of residuals from data with all adhesives.
Data from 2 mm thick, 1.25 m square aluminum plates except for Araldite 2014 which is
from a 2 mm thick,1 m square plate.
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5.2.3 Investigation into sources of variability

SHM data was processed further to characterize the sources of variability underly-
ing the observed drifts in residuals. Current signals, ¢(t), and associated optimal
baselines were normalized by envelope detected amplitudes of the first SO arrival
prior to computing difference signals, s(¢), using Equation 2.3. s(t) were band-pass
filtered using a cosine tapered frequency domain filter having the bandwidth of 7
cycled tonebursts which is the same as that used in Section 3.4.1 and in [41]. The
resulting signals are superimposed in Figure 5.4 for sensors bonded with DP105 at
25°C (thermal cycle numbers noted in the legend of the figure.) These waveforms
are representative of results obtained from data with all tested adhesives. Visual
inspection of these waveforms suggested random variability in the portion of sig-
nals prior to the first SO arrival, ¢ < t144+ , remained constant; for instance, note
that amplitudes are indistinguishable within the arrows of the section marked “Ran-
dom” on the plot. On the other hand, there were increased coherent variability in
the vicinity of reflections from features. The successive arrows next to the anno-
tated wavepacket arrivals (S0, A0, SO reflection from the “near edge”) of Figure 5.4
highlight this characteristic.
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Figure 5.4: Difference signals for varying monitoring times from baseline acquisition with
different wave packet arrivals designated (SO for first SO arrival, A0 for first A0 mode, and
“near edge” for the SO mode reflection from the closest edge); data are from monitoring
using the pair of sensors bonded with DP105 adhesive of Figure 5.2.
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Signal to variability ratios were used to quantitatively characterize trends in SHM
data. Signal-to-random-variability ratios (SRVR) were calculated by dividing SO
arrival amplitudes by the maximum values of the Hilbert envelope based amplitudes

of difference signals in times prior to tig arr , 1-€.

|Ca(t =11t arr)|
max|8a(t <tist arr)| .

SRVR =

(5.1)

In Equation 5.1, ¢,(t) and s,(t) signify the envelopes of the relevant current signal
c(t) and difference signal s(t) respectively that were computed using the Hilbert
transform. Six current signals acquired over time spans of 6 thermal cycles around
each monitoring time were used to calculate the same number of difference signals
and values of SRVR. The medians and inter-quartile range of SRVR obtained with
optimal baselines from the initial baseline database are plotted against monitoring
times for the various adhesives in Figure 5.5(a). As can be seen in this plot, SRVR
appear stable with the progression of monitoring time and are consistently >500
times smaller than signal amplitudes. Thus, random variability is negligible relative

to the trends described in the previous section.

In contrast to the finding about the noise that affected the data presented in Chap-
ter 4, the results shown in Figure 5.5(a) indicated that the influences of random
noise could not be attributed for the changes in monitoring capabilities described
in Section 5.2.2. Therefore, further analysis was undertaken to determine whether
coherent changes affected the data presented in this chapter. Signal-to-coherent-
variability-ratios (SCVR) were calculated using maxima of the envelopes of differ-
ence signals within time gates as long as input tonebursts, tiyput , centered on arrival

times, feeature , Of feature reflections, i.e.

|Ca(t = tlst arr)'
maw|3a(tfeature - tinput/2 <t< tfeature + tinput/2)|

SCVR = (5.2)

In Equation 5.2, tgaure were calculated by dividing the distance between the sen-
sors by the group velocities from DISPERSE [39] and the distance associated with
the transmitter-closest edge-receiver path by the SO group velocity for the “near
edge” reflection; associated wavepacket arrivals have been labelled in Figure 5.4.
SCVR such as those representatively shown for pairs bonded with tested adhesives

in Figure 5.5(b)-(e) consistently declined to small values at the end of tests. These
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results verified that coherent variability, rather than increased susceptibility to ran-
dom noise, contributed to the changes in baseline subtraction results of the preceding
section. Literature on epoxies and micro-electromechanical sensors (reviewed briefly
in the next section) led to the hypothesis that these may be due to changes in bond-
line characteristics. This was studied further by simulating signal changes caused

by variations in the properties of the bond between sensors and the plate.
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Figure 5.5: Signal-to-random-variability-ratios (SRVR) in SHM data from sensor pairs
bonded with various adhesives and (b)-(e) signal-to-coherent-variability-ratios (SCVR) in
the vicinity of arrivals from various features with “near edge” used to designate the SO
reflection due to the edge which involves minimum propagation distance for relevant sensor
pairs. Median and quartile values based on 6 realizations of difference signals acquired
within +3 thermal cycles around each monitoring time. Data from 2 mm thick, 1.25 m
square plates except for Araldite 2014 which is from a 2 mm thick,1 m square plate.

122



5. Long term stability with temperature cycling

5.3 Simulations

The electromechanical characteristics of free PZT remain stable throughout pro-
longed environmental exposures when compared with their behavior in adhesively
bonded sensors [91]. Experimental and industrial use of other micro-electromechanical
sensors suggest their performance is often highly affected by adhesion issues [121,
127, 128, 132, 133]; problems have been observed even when delamination or cracks
do not compromise sensor integrity. Studies have also shown the sensitivity of
epoxy adhesives to environmental exposure [119-121, 124, 129, 134, 135] and age-
ing [134, 136-139]. Measurements of dynamic viscoelastic parameters suggest that
the dynamic moduli of epoxies are particularly sensitive [133, 134, 136, 138, 139].
The density of these materials may also change [136, 137]. A study of the complex
mechanisms underlying these effects lies outside the scope of this work. Based on
the observation that the choice of adhesive affected performance (see Section 5.2.2)
and the findings in the literature, it was hypothesized that coherent variability in
residuals were due to changes in the properties of the adhesives used to bond PZTs

to plates. FE studies were used to analyze how SHM data would be influenced.

5.3.1 FE model and validation of simulation techniques

The frequency domain axisymmetric transducer model shown in Figure 3.2 was used
throughout the simulations. A description of the model is provided in Section 3.3.
The relevant material properties are given in Appendix A.1. Square elements of 62.5
pm side length were used to mesh all parts in order to mesh the thin bond layer

with a greater number of elements than was done in Section 3.3.

The PZT disc was excited with 1 V at frequencies over a range encompassing the
bandwidth of the 5 cycle, 100 kHz Hanning windowed toneburst input signal. The
voltage response of a receiver PZT disc was assumed to vary with the sum of radial
and circumferential strains over the location where it is attached, as in [91, 102].
As strains should not vary significantly with spread over a 20 mm diameter receiver
transducer at a range of 0.42 m, radial and circumferential strain responses were

monitored at the node on the surface of the plate at 7 = p =0.42 m (i.e. to match the
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sensor pitch of experiments.) The time traces of radial, €,,.(t), and circumferential,
ego(t), strains were obtained by IFFT of monitored spectra at the node on the

surface of the plate and summed to obtain the desired strain, £(t):

e(t) = e (t) +coo(t) (5.3)

The signal which is computed with Equation 5.3 is analyzed as the voltage response
of a receiver PZT varies with this quantity. A typical computed waveform is plotted
in Figure 5.6(a) with the strain normalized to a maximum of unity at the SO mode
arrival. The arrivals of the SO and A0 pulses (annotated) occur at the expected
times calculated using group velocities from DISPERSE [39]. The A0 pulse has a
larger amplitude (relative to the SO pulse) than observed in Figure 3.12(a)-(b) and
this is due to effects at a receiver not modelled (e.g. mode selectivity and sensitivity
to strains resulting across the surface of the bond layer below it.) In order to use
waveforms computed with Equation 5.3 to assess the magnitude of change which

may be due to epoxy property variations, baseline data needed to be generated first.

Baseline data was simulated by adjusting relevant material properties in the FE
model and re-running simulations. The ability of this technique to accurately sim-
ulate variability in baselines was analyzed for various temperature changes, 67, in
the range 0°C<dT<5°C. The Young’s modulus Es; and Poisson’s ratio v, of Al were
linearly adjusted using the temperature dependence coefficients of Table 5.2. The
epoxy moduli were varied by 1% per °C as this level of change has commonly been
reported [140]. The densities of aluminum, the PZT, and epoxy were divided by
(14+aumaterial *07")3 using the coefficient of thermal expansion, amaterial, for each ma-
terial (see Table 5.2); Qepoxy=40E-6°C~! is used for results though changes in this
variable over the ranges of values for the different adhesives in Table 5.1 did not
significantly influence the findings. The properties of the PZT were left the same
as these are not significantly affected by small 67" [141]. The dimensions of the
FE model were not changed as variability in guided wave data is predominantly
related to velocity changes rather than dimensional changes [85]. The signal in Fig-
ure 5.6(a) (i.e. at 07=0°C) was subtracted from signals predicted with different 07’
using Equations 2.3- 2.4. The resulting difference signals are plotted in Figure 5.6(b)

on a dB scale; as expected, variability increases with greater 07
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5. Long term stability with temperature cycling

Table 5.2: Temperature dependence coefficients used to adjust material properties in FE
model to obtain baseline signals with different temperature changes.

Coefficient |  Qepoxy * 105 | apzr * 10% | Qatuminum * 10° o Al % 10°
("C1) ("C1) ("C1) (GPa°C-) | (°C)
Value 40 2.1 23 -3.78 3
Source [122, 130, 131] [135] [142] [143] [143]

The variability in these results was compared to the theoretical residual, $y,ax(07),
expected when subtracting a signal at a temperature difference of 67T from the signal

obtained at a reference temperature, i.e. [85]

-1 avph
2

Smax(0T) =27 f
Uoy oT

(5T‘pA (5.4)

In Equation 5.4, f is the centre frequency (100 kHz), vy, is the phase velocity,

% is the factor relating the change in vy, with temperature, p is the propagation

distance (0.42 m), and A is the signal amplitude. Equation 5.4 was used with vy,

ag;h of Table 5.3 and A set equal to the envelope detected amplitudes of the SO

and A0 pulses in the signal of Figure 5.6(a) to compute $yax at these guided wave
mode arrival times. The resulting values of s, are plotted on a dB scale (solid
lines) in Figure 5.6(b). The dB values of difference signal amplitudes from the FE
simulations discussed above are overlaid on this plot using circles. The results of
the FE simulations match the theoretically predicted values of residual for both
the SO and A0 arrivals across the range of 07 investigated. This confirms that
the simulations give realistic values for the residuals obtained when waveforms at

different temperatures are subtracted.

Table 5.3: Phase velocities and coefficients which relate change in vy, with temperature
for the fundamental Lamb modes at frequency thickness of 0.2 MHz-mm from [39, 56].

Lamb wave mode Uph %
(ms™) | (mst°CH
SO 5430 -1
A0 1310 -0.17
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Figure 5.6: (a) Strain signal, £(t), contributing to the voltage of a receiver PZT at
r =p =0.42 m which was estimated using the simulated strains on the surface of the plate
in the FE model of Figure 3.2, (b) results of simple subtraction between signal of (a)
and the simulated signals at temperature gaps, 67", and (c) comparison of amplitudes of
subtracted signals to dB values of theoretical residual, smax, at SO and AQ arrivals.

126



5. Long term stability with temperature cycling

5.3.2 Sensitivity to adhesive properties

As discussed above, adhesive properties are affected by ageing and cyclical thermal
loading. Researchers have observed nearly 40% change in the dynamic moduli of
epoxies associated with these exposures [136], though an upper bound of 20% change
relative to nominal values after cure is more commonly reported [134, 137-139]. The
density of epoxy adhesives typically tends to vary by <5% of initial values [136,
137]. Individual properties of the adhesive layer in the FE model of Figure 3.2
were adjusted up to the abovementioned bounds while keeping all other material
properties the same. Simulations were re-run with each perturbation of the FE
model, and monitored strains were used with Equation 5.3 to calculate current
signals. Current signals that were obtained when the magnitudes of the epoxy
dynamic moduli |E*| and |G| were changed by different amounts relative to the
nominal values are plotted in Figure 5.7(a). Discrepancies exist between the signals
including variations between the black and gray curves that are highlighted within

the zoom area insets of Figure 5.7(a).

The amplitudes of variability associated with the simulated property changes were
then determined. Residuals were computed for the current signals by subtracting
these signals from optimally stretched versions of the baseline waveform from the
simulation with original material properties (i.e. of Figure 5.6(a).) In order to
compare the variability in these results with those due to the maximum thermal
shift (0.25°C) between current signals and optimal baselines obtained in tests, the
signal at 0T =0.25°C was also subtracted from an optimally stretched version of
this baseline. The resulting beam spread corrected residuals have been plotted in
Figure 5.7(b). The changes to the epoxy moduli result in residuals over 20 dB higher
than those obtained from 07T =0.25°C. These residuals correspond to transmission
through the PZT-plate bond only as the simulated waveform is calculated from
the plate strain rather than from a receiver transducer with another bond line.
In experiments, the receiver is also bonded so by transmit-receive reciprocity, the
residual levels expressed in dB will be greater; the analysis of the plane strain models
described in Appendix D indicates that changes in the properties of the bond line of
a receiver should contribute variability of amplitudes ~4-6 dB greater than those due

to variations in the bond line of the transmitting PZT. Even though the influences
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5. Long term stability with temperature cycling

on the response of a receiver PZT are not considered in the analysis results presented
in this section, the predicted residual amplitudes in Figure 5.7(b) are comparable
with the residuals of nearly -30 dB seen in Figure 5.2. The variations in the data
are reflective of influences changes in epoxy moduli has on transduction with a
PZT that induces strains in the plate mostly through shear effects at the adhesive
layer. Research shows interfacial stresses are confined nearer to the edges of thinner
bonds though influences of variations in adhesive layer thickness aren’t analyzed as
there aren’t indications thickness change results in bonds exposed to the conditions
studied. The effect of 5% change in epoxy density on residuals was studied as this
has been observed by researchers. This change results in a residual 4 dB higher
than that from a 0.25°C thermal shift, indicating that the residuals due to adhesive

density changes are less significant than those due to moduli variations.
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Figure 5.7: (a) Simulated current signals with indicated changes input to epoxy moduli;
boxes used to show zoomed areas of signals. (b) Residuals computed from temperature
compensation and subtraction between simulated current signals and simulated baselines.
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5. Long term stability with temperature cycling

The analyses in this section suggested that epoxy moduli changes were a likely source
of variability in SHM data. Long term measurements on bulk adhesive samples
were undertaken to determine the amount of variability which could be attributed
to changes in the moduli of the adhesives used to bond the sensors to the plates in

experiments.

5.4 Measurements on bulk adhesive samples

Bulk samples of the adhesives used to bond the sensors to the plates in Section 5.2.1
were thermally cycled to study how their properties are affected by cycling of the
sort seen in practice. The thicknesses of the samples were periodically recorded
along with bulk longitudinal wave ultrasonic data at 2.25 MHz to track changes in
longitudinal velocities, and hence moduli [144]. Results of tests are presented along

with a discussion of their relevance to trends in SHM data.

5.4.1 Specimens and test methods

Adhesive blocks were manufactured by injecting dual cartridge packs of epoxies (see
Table 5.1) into purpose made aluminium moulds treated with mould release agent
(Meguiars #8.) Five plates approximately 50 mm x 50 mm x 5 mm were cast for
each of the adhesives in Table 5.1. Specimens were left to cure at room tempera-
ture for at least as long as recommended by the manufacturers. Samples were then
thermally cycled in an environmental chamber using the temperature profile of Fig-
ure 5.1(c). The samples were periodically removed from the chamber to measure
thicknesses and record ultrasonic data. Thicknesses were measured using a microm-
eter (0.02 mm, or 0.4%, precision.) Longitudinal velocities were calculated using the
differences in the arrival times of the successive reflections in ultrasonic waveforms
recorded using a standard 2.25 MHz, 0.5 inch (12.7 mm) diameter longitudinal wave
probe (Krautkramer, AU.) Independent measurements on the bulk samples indicated
that the technique enabled estimation of velocities with 1% precision. This result
confirmed that good repeatability in measuring longitudinal velocities was achieved,

and these measurements were tracked instead of shear velocities as a result.
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5.4.2 Signal processing and data

Average sample thicknesses remained the same to within the precision of the mea-
surement. This finding confirmed that the thicknesses of these adhesives did not
change significantly with exposure to temperature cycling. The average percentage
change in mean longitudinal velocities, vy, relative to the initial mean velocities, vy,
are plotted against thermal cycle number for the various adhesives in Figure 5.8.
These results show that the velocities of E-05CL and DP105 adhesives decline by
approximately 4% and that of Aralide 2014 by about 2%. In contrast, the velocity
of Araldite 2011 adhesive increased by about 1%.

Average percent change
in velocity relative to initial, Vo

-©-E-05CL

—#-DP105

=¥ Araldite 2011
Araldite 2014

: | B ©

_50 20 40 60 80 100 120 140 160 180
Thermal cycles

Figure 5.8: Average percent change in longitudinal velocities, o1, , relative to initial
values, 71, with the progression of thermal cycling of the various adhesives used to bond
sensors to plates.

5.4.3 Discussion of results

The elastic modulus is proportional to velocity squared [144]. Therefore, the 4%
changes in the velocities of E-05CL and DP105 adhesives correspond to ~8% modulus
change. The velocity changes of 2% for Araldite 2014 adhesive amounts to ~4%
modulus change. The simulation results in Figure 5.7(b) and Figure D.3 suggests
changes in the moduli of E-05CL and DP105 adhesives may be attributed for residual
amplitudes being at least 8-16 dB higher after cycling than after baseline collection.
These levels of variability account well for observed levels of variability in SHM data
collected with sensors bonded using E-05CL and DP105 adhesives. The finding that
Araldite adhesives exhibit relatively modest velocity change suggests factors other

than moduli change may be contributing appreciable levels of the variability in SHM
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data acquired with sensors bonded using these adhesives. The modest changes in
the velocities of Araldite adhesives and the relatively large declines in the velocities
of E-05CL and DP105 adhesives do correlate well with the patterns in the drift rates
of Figure 5.3(c). These results confirm that adhesive change is a credible cause of

degradation in monitoring capabilities.

5.5 Summary

This chapter described investigations of the defect detection capabilities of an SHM
system which uses bonded PZT sensors in order to monitor guided wave signals
and baseline subtraction based methods for damage detection. The results show
the variability in SHM data collected with SO mode sensors bonded on 2 mm thick
aluminum plates increases with exposure to cyclical thermal loading. The minimum
defect size which can be reliably detected with 6 dB margin in residuals grows from
<1.5% to >3% reflection change after 150 thermal cycles for a variety of adhesive
systems used to bond the sensors to the plates. Analysis results show that the
degradation in monitoring capabilities is due to coherent changes in the SHM data.
It was hypothesized that these changes were due to the changes in the modulus
of the adhesives used to bond the sensors to the plates. FE simulations as well as
experimental tests on bulk adhesive samples indicate that adhesive modulus changes
with thermal exposure are a major source of the variability in SHM data. The
adhesives that showed the greatest variability in bulk properties with thermal cycling

also performed poorest in the SHM experiments.

These findings confirm that a very stable adhesive is necessary to use bonded sensors
for guided wave SHM of structures where echoes from different features overlap so
that defects can only be detected via baseline subtraction. The results do show that
Araldite adhesives are the most stable among the various adhesive systems tested.
However, unless the issues with drifts in baseline subtraction results can be resolved,
long term monitoring of plate-like structures to detect the growth of small defects

is not feasible.
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Chapter 6

Stability of an alternative

transduction mechanism

6.1 Introduction

The results in Chapter 5 indicated that transducers which are adhesively bonded
must be attached to plates using a very stable adhesive if they are to be used
for SHM purposes. The adhesives that were tested were not suitable for enabling
reliable detection of ~1.5% reflection change after specimens had been exposed to
250 thermal cycles. It may be possible that there are more stable adhesives than
the ones tested. However, it was thought that a practical sensor could be more
readily realized by using a transduction mechanism which does not rely on bonding.
EMATS are a particular class of non-contact transducers that would be interesting to
exploit. EMATS are advantageous for SHM as they can be installed easily on ferritic
metal structures without requiring complicated surface preparation and assembly
procedures which are necessary for bonding sensors [119-121]. The disadvantages
of EMATSs are their low sensitivity and the general requirement for them to be
operated using complicated high power drive circuitry. Recent work at Imperial
College London has made it possible to send and receive guided wave signals with
EMATS using low voltage electronics. Thus it was decided to study the stability of
a guided wave SHM system that uses EMATSs operated at low voltages.

132



6. Stability of an alternative transduction mechanism

As in previous chapters, the SHM system exploits monitoring of omnidrectional
wavefronts of the SO mode. In this chapter, the SO mode is generated and received
using EMATSs that are described in Section 6.2. This section also describes the signal
excitation, acquisition, and the processing procedures which are applied in order to
conduct monitoring experiments at low voltages. Section 6.3 presents experiments
which were used to evaluate the SHM system and the results of the stability in its

defect detection capabilities as a function of thermal cycling.

A realization of a monitoring system that uses low voltage EMATSs and cross-
correlation approaches of obtaining pitch catch signals is shown to be viable for
SHM of plates experiencing thermal variations for the first time. The relative sta-
bility of EMATSs compared to bonded PZTs is found out in studies of the long term
performance of the SHM system being applied to a steel plate. Images of the central
area of the steel plate generated with baseline subtraction of data monitored with
an array of the EMATS highlight reliable capabilities of the system and are reviewed

as are insights to further develop the technology.

6.2 Electromagnetic acoustic transducers

This section discusses the construction of the EMAT and how it allows excitation
and sensing of the propagation of Lamb waves. An explanation is provided about
the tests used to determine the frequency at which to operate transducers in order to
generate the SO mode strongly (relative to the unwanted A0 mode.) The following
section describes the low voltage use of EMATs and the acquisition settings that
were employed in order to collect the high SNR pitch catch data necessary for SHM

purposes.

6.2.1 EMAT for excitation of the SO mode on steel plates

The EMAT used in all tests is based on a design from [40] and is shown in Fig-
ure 6.1. This particular transducer was primarily chosen because it enables strong
excitation of omnidirectional wave fields of the SO mode (compared to the A0 mode)

on aluminum plates [40] and it is useable on steel plates too [145]. In operation, an
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6. Stability of an alternative transduction mechanism

alternating current is transmitted to the planar annular double-sided (pancake) coil
of the EMAT. The current flow induces a distribution of eddy currents in a region
near the surface of a metallic plate underneath the coil which is determined by the
relative positioning and the properties of the specimen, and is called the skin depth.
In the region of the skin depth the induced currents interact with the static mag-
netic field from the NdFeB magnets, producing radially oriented Lorentz forces in
the plate. The forces are strong enough to act on electrons in the metal and oscillate
particles which give rise to Lamb wave propagation if the magnet is at sufficiently
small standoff from the plate. The Lorentz forces determine the excitation of the
Lamb waves by the EMAT on nonferromagnetic metallic plates [40]. Recent research
suggests that Lorentz forces from an EMAT in this configuration also account for
significant amounts of wave motion in the engineering steels of interest too [146]; in
these ferromagnetic materials, there may also be additional effects of magnetostric-
tive forces though research confirms this EMAT configuration generates stronger
Lorentz forces when used on most steels [146]. By the principle of reciprocity, an
electromotive force is induced in a receiving EMAT when displacements interact
with the magnetic field and cause oscillating electron flow in the receiver coil. More
detailed analysis of the excitation and reception mechanisms may be consulted in
[40, 146, 147]. However, the excitation mechanism and its optimization was not
the primary focus of this work which was concerned with studying the long term

stability in defect detection capabilities of the transduction mechanism.
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Figure 6.1: (a) Axisymmetric diagram of the EMAT geometry from [40] with the pancake
coil made of 46 turns of wire, each of width w = 340 pm, spaced d = 100 pm apart in a
ring of radii Ry = 4.5 mm, Rs = 14 mm and the magnet standoff, h=4 mm, along with (b)
a photograph of the components used in sensor assemblies; magnets sit on the rim in (b).
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6. Stability of an alternative transduction mechanism

A study of the guided wave transmission characteristics of the EMAT on a steel
plate was undertaken in order to determine the frequency at which to operate it.
The surface displacements the transducer generates were measured on a 2 mm thick,
1.25 m square plate using LDV in the configuration of Figure 6.2(a). A Wavemaker
(Duet X, Macro Design Ltd, UK) was used to excite the EMAT with 5 cycled Han-
ning windowed toneburst voltage input signals of centre frequencies in the range
130-220 kHz; in this frequency range, it is expected that the SO mode can be pref-
erentially excited over the A0 mode based on findings from studies with coils of the
same Ry : Ry ratio [40]. An inline current transformer (CT-B1.0-B, Bergoz, FR) was
used to measure the current resulting across the EMAT terminals. Measurements
of the current and the impedance of the EMAT on a steel plate, which had been
recorded with an impedance analyzer (4294A, Agilent, UK) prior to the LDV tests,
were used to confirm that the amplitude of all inputs were ~56 Vpp. All vibrometer
signals were digitized and saved on an oscilloscope (Lecroy WaveRunner 6030) using
1000 averages and f, = 50MHz. High numbers of averages were necessary to resolve

small amplitude signals such as the out-of-plane displacements at the SO arrival.

The vibrometer signals were used to calculate the in-plane and out-of-plane com-
ponents of the surface displacement field [106]. Example time traces of the surface
displacements are shown in Figure 6.2(b). The ratio of the Hilbert envelope based
amplitude of the in-plane surface displacement at the SO arrival to the amplitude of
the out-of-plane surface displacement at the SO arrival is within 5% of the ratio of
the corresponding displacements in the mode shapes as predicted by the DISPERSE
software [39]; this was consistently the case in data collected with variations to the

centre frequency of the input toneburst.

In order to determine the best centre frequency of the toneburst with which to
excite the EMAT, the ratio of Hilbert envelope based amplitude of the surface in-
plane displacement at the SO arrival to the Hilbert envelope based amplitude of the
surface out-of-plane displacement at the A0 arrival were computed. The maxima,
mean, and minima of the ratio from independent measurements with 5 assembled
EMATS are plotted in Figure 6.2(c). The results show that excited waves of both
fundamental Lamb modes have fairly similar amplitudes. The AO mode has the

lowest amplitude (relative to the SO mode) with excitations centered around 200
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kHz. Based on this finding, tonebursts centered at 200 kHz were chosen to excite

the EMAT.
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Figure 6.2: (a) Setup for measuring the surface displacement field due to a transmitting
EMAT at (z =0.415 m, y =0.625 m) on a 2 mm thick, 1.25 m square steel plate, (b)
the surface displacements measured at (z =0.835 m, y =0.625 m) with the EMAT excited
using 5 cycled, 200 kHz tonebursts of 56 Vpp, and (c) the extracted ratio of the envelope
detected amplitude of the in-plane surface displacement of the SO mode divided by the
out-of-plane surface displacement of the A0 mode (statistics from tests with 5 EMATS.)

6.2.2 Pitch catch data acquisition at low voltages

The use of the baseline subtraction based damage detection strategies that are
adopted in the guided wave SHM system requires that signals of relatively high
SNR be monitored. This result cannot be achieved with conventional use of EMATSs
without bulky high power amplifiers and averaging of many hundreds of received
signals. For illustration, consider the setup in Figure 6.3(a) which is used to record

pitch catch data between a pair of EMATS separated by 420 mm on a 2 mm thick,
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1.25 m square steel plate in a configuration similar to the one in Figure 6.2(a).
Five cycled, 200 kHz tonebursts of 20 Vpp are sent to the transmitting EMAT by
the Handyscope (HS3, Tie Pie Engineering Ltd., NL.) The resulting signals at the
receiving EMAT are amplified by 70 dB and band-pass filtered in the 50-250 kHz
range with a custom built preamplifier prior to being saved using 150 time averages.
A sampling frequency of 10 MHz is used to digitize this and all received time traces.
The resulting pitch catch signal plotted in Figure 6.3(b) shows the SO arrival and
other feature arrivals though it is too noisy for monitoring purposes (i.e. the ratio
of the Hilbert envelope amplitude of the SO arrival to the maximum of the signal
envelope in the portion of the time trace prior to the SO arrival is 20 dB which is
unacceptable for SHM purposes [31].) Therefore, it was decided to study the feasi-
bility of using other data acquisition approaches in order to achieve higher SNR in

guided wave data recorded using EMATS.

It is possible to obtain pitch catch data with enhanced SNR using 20 Vpp input volt-
age if the excitation signal is specially encoded prior to being applied to transmitters
and the data acquired at receivers are post-processed in order to compute desired
signals [148-150]. In this work, a method was adopted which uses complementary
Golay codes to encode input tonebursts and cross-correlation and summation of
received time traces for pitch catch signal recovery [150]. The technique enables
measurements to be obtained quickly as one does not need to wait for the response
of the test piece to damp out before triggering a subsequent measurement (which
is necessary in the use of synchronous averaging.) This approach to data acqui-
sition allows results to be obtained with enhanced SNRs which have been shown
to be equivelant to those achieved using a large number of time averages [148] or
higher amplitude input signals [150]. Therefore, this approach to data acquisition
was adopted to collect pitch catch data with the EMATSs. In order to collect the
pitch catch data, a program was used which was coded by Attila Gajdacsi, Joe Cor-
coran, and Dr. Frédéric Cegla of the NDE Group and the procedures used for these

purposes will be briefly reviewed in the following paragraphs.
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Figure 6.3: (a) The DAQ system used to excite transmitting EMATSs (Tx) and record
signals at receiving EMATSs (Rx), and (b) the result of applying 20 Vpp 5 cycled, 200 kHz
tonebursts to Tx and using 150 sweeps to record the signal received by Rx at a distance
of 420 mm on a 2 mm thick, 1.25 m square steel plate.

The acquisition electronics are the same as those in Figure 6.3(a). Figure 6.4(a)
illustrates the steps used to send input signals as well as the modified functions of
the electronics that are used to collect the necessary data and compute pitch catch
signals. At the start of data acquisition, a pair of length 28 Golay codes, g, and its
complementary sequence gy, are generated as described in [151]; this sequence length
is used to transmit the greatest number of 5 cycled 200 kHz tonebursts possible
given the memory limitations of the Handyscope in order to achieve the highest
suppression of random noise [148-150]. Each of the sequences is convolved with
the toneburst in order to generate the encoded inputs. An example input signal
which is computed using the first Golay code g, corresponds to the signal in the
plot of Figure 6.4(b). This signal is uploaded to the transmitting EMAT. The trace
x4(t) at the receiving EMAT is amplified and filtered using the preamplifier prior
to being digitized, averaged, and saved on the PC. This whole process is repeated
with excitation of the transmitter using the input encoded by g; in order to save the

required signal z(?).

In order to compute the desired pitch catch signals z(t) it is necessary first to gener-
ate reference signals using convolution between the toneburst and the two sequences
of the Golay code pair first. The reference signals are cross-correlated with each of
x4(t) and 3 (t), and the resulting outputs are summed to obtain the pitch catch sig-

nal x(t) that contains accurately recovered wavepackets including those waveforms
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that differ from the toneburst due to influences of dispersion. For illustration of the
power of the technique, Figure 6.4(c) shows a pitch catch signal obtained using the
same sensor pair that was used to acquire the signal in Figure 6.3(b) and these data
acquisition procedures with 150 averages of the 28 sequence lengths which were used
in the subsequent test programme. The signal in Figure 6.4(c) has a much higher
SNR than the conventionally acquired signal of Figure 6.3(b) (i.e. the amplitude
of the SO arrival to the maximum of the signal envelope in the portion of the trace

prior to the SO arrival is 42 dB.)

The Handyscope device memory does not permit sequences consisting of more than
28 200 kHz tonebursts to be encoded and uploaded to transmitting EMATs. This
capability was not sufficient for producing a pitch catch signal of high enough SNR
for SHM purposes with the methods that rely on the use of baseline subtraction.
It was necessary to use an additional 150 time averages in saving received signals
to further improve the SNR. There is a tradeoff between the additional increases to
SNR with using greater numbers of time averages and the acquisition time which can
subject measurements to the influences of ambient temperature changes. A study
was therefore used to investigate the effects of varying the number of time averages

used to record received signals on the ability to detect small change in SHM data.

Two pitch catch signals were obtained for each of 9 sensor pairs positioned at the
points indicated in Figure 6.2 on 2 mm thick, 1.25 m square steel plates. The
second pitch catch signal in each set was subtracted from an optimally stretched
version of the first signal in the set. The means and the interquartile range of the
resulting residual maxima are plotted alongside the time required to acquire data
for each pitch catch signal in Figure 6.5. The results show that Golay coded data
acquisition with >100 time averages to digitize received waveforms is necessary to
realize residuals that have amplitudes smaller than -40 dB relative to the first SO
arrival (which is being targeted in the monitoring applications.) Lower amplitudes of
residual are obtained with >200 time averages but the associated acquisition times
do not justify the gains in detection capability (particularly as ambient thermal
swings can occur in > Imin in practice.) Thus, 150 averages of received signals are

used for data acquisition (this allows a pitch catch signal to be obtained in < 25 sec.)
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Figure 6.4: (a) The signal flow and functions of the DAQ system used to generate the
Golay codes g, and gy, sequentially apply encoded inputs to Tx, and acquire x4(t) and
73(t) at Rx to compute pitch catch signals z(¢), (b) the input signal containing 2% 5 cycled,
200 kHz tonebursts encoded using the 1st sequence g, of a Golay code pair, and (c¢) z(t)
computed with data acquired using the sequence of Figure 6.4(b) and its complement,
averaged 150 times; results in (c) obtained with the sensor pair used in Figure 6.3(b).
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Figure 6.5: The maxima of residuals (black) from the subtraction of pitch catch data
acquired in rapid succession using Golay coded excitation and post-processing methods
vs log of the number of averages and acquisition times (grey.) Statistics are from data
collected with 9 sensor pairs configured similarly as the pair used to obtain Figure 6.3(b).
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6.3 Monitoring experiments

6.3.1 Stability study design

A 2 mm thick square steel plate having sides that were 1.25 m long was instrumented
with arrays of EMAT sensors for the monitoring study. The sensors were positioned
as shown in Figure 6.6(a) in order to temporally separate the breakthrough as well
as the arrivals of the SO mode and the A0 mode from all arrivals of the reflections of
the SO mode off the plate edges in the pitch catch signals. This array configuration
allowed testing with propagation distances between sensors of certain pairs (i.e. Tx
1-Rx 4, Tx 2-Rx 5, Tx 3-Rx 6) that are the same as those used in the experiments
of Chapter 5. The EMATS in the array were wired to a custom built multiplexer
as shown in Figure 6.6(b) in order to ensure separate connections to the coils of
transmitting EMATs and those of receiving EMATSs which were also connected to
relevant channels on the Handyscope (HS3, Tie Pie Engineering Ltd., NL.) Inputs
containing 28 long Golay coded sequences of 5 cycle Hanning windowed tonebursts
with centre frequency of 200 kHz were used to excite transmitting EMATSs and sig-
nals at the receiving EMATSs were recorded and post-processed in order to compute
pitch catch signals. Typical pitch catch signals that were obtained after transmitting
via Tx 2 and processing the data recorded using 150 time averages at the various
sensors are plotted in Figure 6.7. The SO mode and the weaker A0 arrival are con-
sistently separated from the signals associated with reflections from the edges of the
plate as desired and occur at the times expected based on group velocities from the

DISPERSE software [39].

It was decided to assess whether it would be worthwhile varying the number of cycles
in the toneburst of input signals. Transmitting EMATSs were excited using encoded
inputs consisting of 28 tonebursts of 3, 5, and 8 cycles. Data was captured at the
receiving EMATSs from which pitch catch signals were computed. Figure 6.8 plots
the pitch catch signals computed with data acquired at 20°C using sensor pair Tx 3
- Rx 6. The ratio of the Hilbert envelope based amplitude of the SO arrival to that of
the weaker A0 pulse increases from 4 to 5 to 7 with changes in the number of cycles
in the toneburst from 3 to 5 to 8 respectively (note the values equal the average

of the ratios computed using the data acquired with the various combinations of
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6. Stability of an alternative transduction mechanism

transmitting and receiving sensors in the array.) The amplitude of the SO arrival
relative to the amplitude of the pulse at the A0 arrival is larger with increases to
the number of cycles because more narrowband inputs concentrate the toneburst
spectral content near 200 kHz, the frequency at which the results of Figure 6.2 show
the highest S0/AO0 ratio is possible with the EMAT. However, increasing the number
of cycles in the input also causes temporal elongation of wavepackets, which reduces
spatial resolution [44]. Therefore, it was decided to use 5 cycled tonebursts, as was

done in the earlier work with PZT transduction in Chapter 5.

An experiment was used to determine the relative differences in temperatures at
which to acquire baselines. The steel plate with the array of EMATSs was moved
to an environmental chamber (Alpha 1550-40H, Design Environmental, UK.) The
chamber was used to heat the plate from 20°C to 25°C with dwells at 20, 20.15, 20.25,
20.5, 21.1, 22.5, and 25°C. At each of these temperatures, transmitting EMATSs were
excited using encoded inputs consisting of 2% tonebursts of 5 cycles and the data
was captured at the receiving EMATS in the sensor array with which pitch catch

signals were computed.
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Figure 6.6: (a) The array configuration on the 2 mm thick steel plate, (b) schematic
of the wiring between the coil electrodes (grayscale), the multiplexer, and the acquisition
system (Figure 6.3(a)) with connections shown to use EMAT 2 as Tx and EMAT 5 as Rx.
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Figure 6.7: Pitch catch signals obtained by excitation of Tx 2 with 2® long Golay coded
sequences of 5 cycle Hanning windowed tonebursts with centre frequency of 200kHz and
processing data saved at the receiving EMATS.

In order to evaluate how the temperature related variability affects the ability to
detect defects, residuals were computed using the pitch catch signals. In particular,
the pitch catch signals at 20°C were used as baselines and the pitch catch signals col-
lected at the other temperatures were subtracted from optimally stretched versions
of the baselines. Example residuals are shown in Figure 6.9(a) and Figure 6.9(b) for
cases corresponding to temperature differences 67 of 0.25°C and 5°C respectively.
The amplitudes of the residual is less than -40 dB when there is little tempera-
ture discrepancy (i.e. 07=0.25°C.) The amplitudes of the residual do exceed -35
dB at the SO arrival and around 200-250 ps in Figure 6.9(b) when there is larger
temperature discrepancy (i.e. 67=5°C.)
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Figure 6.8: The pitch catch signals computed with data acquired using sensor pair Tx
3 - Rx 6 and when there are (a) 3, (b) 5, and (c¢) 8 cycles in the toneburst of inputs.
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The maxima of the residuals over the indicated time gates at the SO arrival and
the AO arrival were tracked from the processed array data in order to consider the
effects that changing 07" has on amplitudes of residuals; the time gate used for the A0
arrival is larger because of its dispersive characteristic. The maximum values of the
tracked quantities are plotted in Figure 6.9(c)-(d) for the two modes. The results
show that the residual amplitude at the SO arrival and the AQ arrival correlate
with relative temperature difference as expected [35, 85]. The amplitudes of the
residuals are on the order of -40 dB when compensating and subtracting two signals
acquired at a relative temperature difference of 0.25°C. Thus, a spacing of 0.25°C
between baselines was used to acquire baseline sets, and the monitoring experiment

commenced afterwards.
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Figure 6.9: The residuals resulting from subtraction between pitch catch signals acquired
at (a) 20.25°C and (b) 25°C and optimally stretched versions of a baseline acquired at 20°C
using sensor pair Tx 3 - Rx 6 and the maxima of the maximum amplitudes of residuals
within the indicated time gates of (c¢) the SO mode and (d) the A0 mode as a function of 7'
from processed array data; 28 long Golay coded sequences of 5 cycled, 200 kHz tonebursts
of 20 Vpp were applied to Tx and 150 averages were used to save received signals.

6.3.2 Monitoring results

SHM data was collected using the sensor array of Figure 6.6(a) while cycling the
steel plate using the thermal profile of Figure 5.1(c) that was adopted in testing
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the bonded PZT sensors. All pitch catch signals were obtained using the signal
excitation, data acquisition, and processing strategies described in Section 6.2.2.
An initial set of pitch catch signals were obtained at steps of 0.25°C throughout
the -5°C to +40°C range in order to form a baseline database. The plate was then
cycled in the range from 15-35°C as shown in Figure 5.1(c) and current signals
were obtained at 15, 25, and 35°C in each cycle. All the pitch catch signals were
multiplied by a cosine tapered window that is shown in Figure 6.10 in order to
gate out the portion of the breakthrough in each time trace. The windowed current
signals were processed with the temperature compensation methods of Section 3.4.1
before computing residuals in order to analyze the long term stability of the EMATSs

and the baseline subtraction damage detection approach.

Figure 6.11(a)-(c) superimposes representative residual signals at 25°C which were
calculated with data obtained using EMATSs separated at distances of 0.42 m, 0.46
m, and 0.52 m respectively. Subsets of residuals are shown for the purposes of
clarity though similar features were evident in the results from analysis of the full
set of collected data. The maxima of the plotted residuals are on the order of
-40 dB for processed data obtained at low thermal cycle numbers. The results
show there are increases in amplitudes of residual signals from their initial level at
various progressions in the monitoring period. The most consistent increases in the
amplitudes of the residuals are those observed in the regions of the signals at points
preceding the first SO arrival. Note that the amplitudes of the residual in the plot of
Figure 6.11(c) exceed -30 dB at the SO arrival and near 400 ps after the plates have
been exposed to greater than 140 thermal cycles. It is not clear why the residual
tended to be higher around this time and there was a great deal of scatter about the
trend. Typical behaviour is shown in Figure 6.12 which shows the maxima and the
average values of residual signals in the range between ti4 o and the time for the
reflection from the point involving the longest transmitter-edge-receiver path that

were computed using data obtained with sensor pair Tx 3 - Rx 6.
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Figure 6.10: The window that was applied to SHM data collected using the EMATS in
order to gate out the breakthrough and superimposed dashed lines showing start (gray)
and end times (black) of cosine taper.

These statistical indicators are the same as those that were calculated for the pro-
cessed data obtained with bonded sensors in Chapter 5. The trends shown in Fig-
ure 6.12 are representative of those observed in data collected with the vast majority
of sensor pairs. The maximum amplitudes of residuals increase above levels associ-
ated with times immediately after baseline collection. The average values of residual
amplitudes vary in a similar way as the maximum amplitudes of residuals though
they exhibit less scatter. The slopes of linear fits that were applied to the average
values of residuals as a function of thermal cycle number were obtained to evalu-
ate quantitatively any long term changes. Slopes were computed from fits to the
means of residual amplitudes rather than to the maxima of residual amplitudes in
order to obtain values which could be compared to the drift rates of Chapter 5.
The median value of the slopes for all of the processed array data was found to
be 0.017 dB/cycle, which is the case that is shown in Figure 6.12. Rates of 0.006
dB/cycle and 0.026 dB/cycle were the 25th percentile and 75th percentile values
respectively. Note that 0.017 dB/cycle is lower than the median drift rate of 0.023
dB/cycle which was calculated using the data obtained with PZTs bonded using
the most stable adhesive (and nearly equals the 25th percentile value of the drift
rate associated with this adhesive.) This confirms greater relative stability can be

obtained with the low voltage EMATsS.
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Figure 6.11: Compiled residuals obtained using data from sensor pairs (a) Tx 3 - Rx 6
(0.42 m separation between Tx and Rx), (b) Tx 3 - Rx 5 (0.46 m separation between Tx
and Rx), and (c) Tx 3 - Rx 4 (0.52 m separation between Tx and Rx.)
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Figure 6.12: The maxima of residuals (0), mean values of residuals in the range between
t1st arr and the time for the reflection from the point involving the longest transmitter-edge-
receiver path (), and linear fits to mean values of residuals (solid black line) evaluated
using processed data obtained with sensor pair Tx 3 - Rx 6.

The residuals for the array that were computed after compensating data for thermal
effects using the full set of baselines were then combined using the ellipse imaging
algorithm of Section 3.4.2. The images were generated in order to determine the
significance of the results for the long term monitoring capabilities of the SHM
system. Figure 6.13(a)-(c) shows a typical subset of images on the same [-45,-30] dB
scale that were calculated after processing the data obtained at times indicated in
the column labels. The image intensities have amplitudes which are largely below -40
dB (blue) though there are artefacts at various points in the images for temperatures
across the tested range (15-35°C.) Most of the artefacts appear intermittently though
those in a ring near the points at the edges of the damage-free plate exhibit increasing
amplitudes in the progression of the monitoring experiment. These results show that
imaging effectively spatially averages the residual signals so that small defects can
be detected in areas away from the edges of the plate over longer monitoring periods.
The results suggest that changes due to scattering from defects which are on the

order of -40 dB can potentially be detected.

The statistics which were computed for the area of the images of Chapter 4 were also
calculated for the same area of the images that were generated using the processed
EMAT data. The area considered corresponds to that dashed in Figure 6.14(a).

The mean I of pixel intensities in the indicated area as well as the maxima of I
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were tracked as a function of monitoring time. The plots in Figure 6.14(b)-(c) show
statistics computed for images generated with the EMAT data which were collected
at 25°C; note similar results were obtained at the other test temperatures though
only the results at this temperature are shown for brevity. The results do not
show any obvious trends in pixel intensities over the longer monitoring period. The
mean of pixel intensities which are shown in Figure 6.14(b) do fluctuate between
-52 dB and -46 dB throughout the test period. The maximum amplitudes of pixel
intensities shown in Figure 6.14(c) remain below -40 dB for the duration of the
experiment. These results confirm that the SHM system is sufficiently stable so
that small defects (representing ~1.5% reflection change) can be reliably detected
in regions where there are no strong reflectors. This capability is better than what
has been demonstrated with PZTs, and suggests that guided wave SHM systems for
longer term use can be potentially developed using EMATS.
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Figure 6.13: Images of the plate generated using the ellipse algorithm and all of the
residuals from processed array data after exposure of specimens to (a) 3, (b) 150, and (c)
250 thermal cycles. Temperatures at which data were acquired are indicated on the left
for each row of images and sensor locations are shown using white circles.
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Figure 6.14: (a) The plate with the sensor array and dashed region for which statistics
of pixel intensities I were computed, (b) the mean values I, and (c) the maximum values
of I computed for images generated using data collected at 25°C plotted as a function of
monitoring time.

6.3.3 Variability analysis

An investigation was used to quantitatively study the variability affecting the SHM
data from different sensor pairs. For these purposes, signal-to-random-variability
ratios (SRVR) were computed as defined in Section 5.2.3 using the raw current
signals and relevant optimal baselines. The percent change in SRVR relative to
the initial values are plotted as a function of monitoring time in Figure 6.15(a);
a subset of the results which were computed using the test data obtained at 25°C
are shown and the percent change in values are plotted in order to highlight key
characteristics and facilitate comparisons of trends for pairs for which values are
different respectively. The plot shows that the SRVR indicator generally declines.
The Hilbert envelope based amplitudes of the breakthrough and the wavepacket at
the SO arrival were also tracked. Figure 6.15(b)-(c) shows the tracked amplitudes
of the breakthrough signal and those of the wavepacket at the SO arrival relative
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to the initial values as a function of monitoring time. The results indicate that
the breakthrough amplitudes exhibit large changes while the amplitudes of the SO
arrival remain predominantly stable. These findings confirm that the SRVR declines
are due to increased variability in the portions of signals preceding the arrival of the
fastest guided wave mode rather than changes in SO arrival amplitudes. The changes
must be due to electromagnetic influences. As any signal in the region before the
fastest guided wave arrival does not contribute to delay-and-sum imaging produced
with pitch catch data by definition, the variability in this portion of the data does

not affect imaging results.

An analysis was used to study the variability which affects the amplitudes of the
images at the points near the plate edges. For these purposes, signal-to-coherent-
variability ratios (SCVR) were computed in the vicinity of the arrival of the SO
reflection from the edge involving the minimum propagation distance for each sensor
pair (as in Section 5.2.3 again.) The percent change in the SCVR indicator relative
to initial values are plotted as a function of monitoring time in Figure 6.15(d). The
results show that there are declines in the SCVR indicator as is expected based on
the finding that the pixel intensities increase at points near the plate edges in the
images of Figure 6.13. Both SCVR and SRVR indicators show similar declines with
increasing numbers of thermal cycles. These findings suggest that the variations
which contribute to increases in the amplitudes of the pixel intensities near points
at the edges in the imaging results of Section 6.3.2 may be reflective of effects that

underlie SRVR variations as well.

The key finding of this section is that the SHM system exhibits stable monitoring
capabilities compared to what is achieved using bonded PZTs. Research is necessary
to determine what causes increases in the amplitudes of variability in portions of
signals at which no mechanical waves are expected; these changes may prevent
reliable defect detection near EMATS used in pulse/echo mode in particular. The
pre-first SO arrival changes indicate that EMI likely affected the performance of the
SHM system. It is believed that these influences introduce the variations observed
in values of SCVR at the near edge which contribute to the increased amplitudes of
variability at points near the edges of the plate in the images of Figure 6.13. Thus,

it is suggested that studies investigate aspects of the bespoke instrumentation which
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can be improved including the design of the multiplexer, the wiring and shielding of
transducers, as well as the preampilifer in order to eliminate sources of variability

and enhance the capabilities of this relatively stable SHM system.
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Figure 6.15: Percent change in (a) the SRVR indicator, the amplitudes of (b) the break-
through signal and (c) the wavepacket at the first SO arrival, and (c) the SCVR indicator
in the vicinity of the SO reflection from the edge that involves minimum propagation dis-
tance; all results are relative to initial values and are plotted as a function of monitoring
time. Legend in (a) applies to all plots.

6.4 Summary

This chapter described an SHM system which uses EMATSs operated at low volt-
ages and cross-correlation approaches to obtain pitch catch signals. Data was col-
lected using an array of the prototype EMATSs on a 2 mm thick steel plate, and
post-processed using subtraction based methods in order to assess the monitoring
capabilities of the SHM system. The results from monitoring the plate while it was
exposed to >250 thermal cycles over 150 days indicate that 50% of the sensor pairs
consisting of EMATSs achieve better performance than is realized with nearly 75%

of the PZTs bonded using the most stable adhesive. Imaging results confirm that
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most increases in amplitudes of variability in the data are spatially concentrated
near the edges of the plate. The exact source of this variability has not been es-
tablished though it is evident that it is not a SNR nor coherent noise issue such
as those that were found to affect the performance of bonded PZTs. The results
do indicate that the SHM system enables reliable detection of reflection changes
having amplitudes on the order of -40 dB over a central area of the plate in the long
term. These demonstrations suggest the SHM system can allow reliable detection of
small defects of the targeted sizes (signifying ~1.5% reflection change) in structures
containing sparse features. The findings indicate reasons to develop the transducers
and instrumentation in order to better shield them against EMI, and that it would
be worthwhile studying the monitoring capabilities of systems with more sensitive

sensors that are designed to achieve higher SO mode selectivity.
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Chapter 7

Conclusions

7.1 Thesis review

This thesis studied the long term capabilities of guided wave SHM systems designed
to detect small damage in plate-like structures. The monitoring techniques that were
investigated are based on the use of guided ultrasonic waves which can propagate
long distances and have energy distributed through the thicknesses of plate-like
structures. These characteristics of guided waves imply that measurements of their
propagation enable sensitivity to small defects such as holes with few low power
sensors at remote locations, a capability that other SHM techniques cannot achieve.
As there are various practical ways of generating guided waves as well as sensing
and processing signals of their propagation in order to detect damage, this research

focused on researching the reliability of guided wave based SHM.

The theoretical characteristics of the guided plate waves as well as techniques that
enable detection of small defects are subjects which were reviewed in order to develop
a guided wave SHM system for long term stability evaluations. The literature review
indicated that it is easier to achieve coverage of larger areas of structures with fewer
sensors if monitoring relatively non-dispersive and omnidirectional wavefronts of a
preferentially excited guided wave mode. It is feasible to generate omnidirectional
waves of either fundamental Lamb mode. There is less directivity in the scattering

patterns that result from the interaction of non-dispersive waves of the SO mode with

154



7. Conclusions

structural features and small holes which are among the defects of concern in this
thesis. In addition to this advantage, the SO mode exhibits less sensitivity to thermal
variations than the A0 mode. These characteristics imply monitoring SO waves
would more likely enable detection of small hole type defects at unknown locations in
real structures experiencing environmental variability. The desired goal of detecting
damage at arbitrary locations can be facilitated through the use of sparse arrays
of sensors operated in pitch catch mode. The data collected at the sensors can be
processed using baseline subtraction based methods in order to achieve identification

of damage in structures experiencing environmental changes.

The findings from Chapter 2 which are summarized above indicate that monitor-
ing SO wave propagation with sparse sensor arrays are advantageous to exploit in
practice. However, there are concerns about the robustness and reliability of guided
wave SHM systems which must be addressed before they are industrially adopted.
Therefore, it was decided to implement and study the longer term use of two SHM
systems which rely on monitoring omnidirectional wavefronts of the SO mode using
distributed transducers operated in pitch catch mode. Bonded PZT sensors and
a conventional approach to data acquisition were used in one SHM system, and
another consisted of low voltage EMATSs operated according to procedures which
enable collection of high SNR signals. In the use of either SHM system, the trans-
ducers were used to collect baselines with the structures placed in an environmental
chamber. The baselines and the algorithms of Chapter 3 were used to compensate
monitored data for thermal effects and compute the baseline subtraction results with

which the stability of the SHM systems were assessed.

Prior to testing the SHM system that consisted of bonded PZTs, it was necessary to
develop sensors so that they could generate strong waves of the SO mode compared
to the unwanted A0 mode on plates of the thicknesses desired in the applications.
Chapter 3 discusses the development of the selective SO mode transducers as well as
encapsulations designed to weatherproof and strain relief the electrical connections
to the PZTs. The encapsulated sensors were bonded to a 5 mm thick anodized
aluminum plate, and used to the monitor the structure in an outdoor environment
over a monitoring period exceeding 9 months as described in Chapter 4. The tests

revealed robustness issues that cause weakening of the sensor bonds. The findings
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provided the motivation for the systematic assessments of the effects that adhesive
choice and thermal cycling have on baseline subtraction stability that were under-

taken in Chapter 5.

Chapter 6 describes the SHM system consisting of low voltage EMATSs which was
evaluated primarily because it consists of transducers which do not need to be
bonded. A description is provided of the data acquisition procedures and how they
are used with low voltage electronics in order to collect guided wave signals of suf-
ficiently high SNR for SHM purposes. The potential of the monitoring system to
allow detection of small defects signifying ~1.5% reflection change is analyzed. Fi-
nally, the chapter concludes with findings from a study in which a sparse array of
EMATS is used to monitor a 2 mm thick steel plate exposed to thermal variations

which demonstrate the long term stability of the SHM system.

7.2 Findings

The work presented in this thesis contains results which are useful for developing
guided wave SHM systems for monitoring safety critical plate-like structures over
longer periods of their service lives. The long term stability of two different trans-
duction mechanisms will be separately discussed. The findings about guided wave
SHM systems which use bonded PZT sensors will be summarized before highlighting
the key results from the evaluations with the low voltage EMATS.

7.2.1 Bonded piezoelectric sensors

Encapsulated versions of bonded @ 20 mm PZT discs having thicknesses of 0.5
mm and 1 mm were developed in order to strongly excite waves of the SO mode
(relative to the A0 mode) in 2 mm and 5 mm thick aluminum plates respectively.
Results confirmed that exciting the PZTs with tonebursts of centre frequencies at
which )\fOD ) ~ 20mm enables the best suppression of the unwanted A0 mode. It was
found that amplitudes of the SO wavepackets in pitch catch data collected using the
bonded sensors exceed those of the weaker A0 pulses by >20 dB. Furthermore, the

encapsulations were shown to be effective for strain relieving and waterproofing the
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electrical connections to the PZTs and they did not change guided wave transduc-
tion. In particular, only small amplitude variations and negligible phase change were
observed in pitch catch signals when comparing results to those obtained using un-
encapsulated PZTs. Experiments in which pitch catch signals were monitored with
the bonded transducers and processed with the temperature compensation strate-
gies confirmed that the implemented SHM system enables effective suppression of
variability associated with 0.5-2°C temperature change as well as reliable detection

of a @ 5 mm through hole drilled on a 2 mm thick, 1.25 m square aluminum plate.

A sparse array of the encapsulated PZTs was used to monitor a 5 mm thick an-
odized aluminum plate, and results indicated that the amplitudes of variability in
SHM data increase over time. The deterioration in monitoring capabilities was at-
tributed to signal amplitude declines and associated SNR decreases. Impedance
readings, ultrasonic c-scans, and inspections of exposed transducer bonds confirmed
the development of total and partial disbonds at the sensor electrode-adhesive in-
terface. The results indicated that a special adhesive as well as reliable attachment
practices need to be found before the bonded PZT sensors can be used in outdoor

evaluations.

Experiments were used to determine the long term stability in defect detection
capabilities achievable with four different structural adhesive systems. The results
from monitoring thermally cycled plates over extended periods indicated that the
use of two component adhesives which had higher glass transition temperatures
lead to some improvements in the long term stability of the SHM system. However,
increasing variability showed that it was impossible to achieve reliable detection
of 1.5% reflection change with the baseline subtraction approach after specimens
had been exposed to 250 thermal cycles. A combination of thermal damage and
physical ageing effects were thought to affect the results, and FE models of the
transducer were used to establish that SHM data could be influenced by changes
in the properties of the adhesives used to bond PZTs to plates. The results of
the simulations as well as experimental tests on bulk adhesive samples indicated
that adhesive modulus changes are a major source of the variability in the SHM
data. The tests indicated that changes in vy, on the order of 4% can be encountered

after > 170 thermal cycles, and the amount of variability in the bulk properties of

157



7. Conclusions

adhesives correlated with the losses in SHM performance of PZT sensors bonded
using the same epoxies. The FE results also indicate that the quantified changes in

bulk properties of the adhesives contribute significant variability to SHM data.

7.2.2 Low voltage EMATSs

The feasibility of using previously designed EMATSs operated at low voltages in an
SHM system was demonstrated in Chapter 6. The excitation of the EMATSs with
low voltage inputs consisting of encoded tonebursts and post-processing of signals
acquired at receiving EMATSs with cross-correlation approaches was shown to enable
recovery of pitch catch data having sufficiently high SNR for monitoring purposes.
An array of the low voltage EMATSs was used to monitor a 2 mm thick, 1.25 m square
steel plate and demonstrated that detection of 1.5% reflection change can be achieved
using the SHM system. Imaging results showed that the system continuously enables
reliable detection of 1.5% reflectors anywhere on the plate except at the edges during
a period when the plate was exposed to more than 250 thermal cycles. Analysis of
the data confirmed that there were increases in the amount of variability within
time gates surrounding the group velocity based arrival time of the first SO edge
reflection in waveforms. The source of the variability which affected the SHM data
could not be determined. However, similar trends of variability were observed in
the portions of signals preceding the first guided wave arrival, which are thought
to be due to EMI. Overall, the studies with the prototype SHM system that uses
low voltage EMATSs confirmed that it exhibits better long term stability compared
to the monitoring system which uses bonded PZTs, and indicate it is worthwhile
designing shieldings for the transducers and improving the acquisition electronics in

order to reduce EMI and improve the signal fidelity.

7.3 Implications for SHM R&D

The findings have implications for research and development into guided wave SHM
systems that are to reliably detect small defects or those that grow slowly during

the operation of plate-like structures.
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A stable adhesive and practices which ensure enhanced robustness of bonds must
be found in order for it to be reliable to use strategies based on subtraction of
guided wave signals sensed using bonded PZTs to monitor structures over their
operational lives. Quantified losses in defect sensitivity levels that were attributable
to the weakening of bonds exposed to weather and changes in the properties of
the adhesives subject to thermal cycling are expected to be greater with harsher
operational exposures (e.g. sensor fatigue and effects at higher altitudes [121, 124].)
Research must ensure consistent control of adhesive-dependent properties can be
achieved for a range of environmental conditions as a result. The search for a
sufficiently stable adhesive may entail significant trial and error and there need to
be consideration that variable performance can result with discrepancies between

exposures in the lab and those experienced in practice.

The results shown in experiments with EMATSs exposed to thermal cycling loads
indicates the relative stability of the transduction mechanism and its feasibility to
allow detection of defects of targeted sizes at points away from plate edges over long
periods. These findings suggest it may be comparatively efficient to pursue research
and development into EMATS to expand upon the reliable capabilities demonstrated
using the prototype monitoring system. In order to increase the applicability of de-
veloped technology for applications in which EMI [18] and mode conversions at
features are known to be prevalent [50, 52|, the sensitivity of transducers to elec-
tromagnetic interference should be limited and the selectivity to the mode being
monitored must be enhanced. The specific research tasks viewed as essential to
improve the reliability of monitoring systems studied so they become practical for
SHM of structures in operating environments are described as suggestions for future

work in the next section.

7.4 Suggestions of future work

Future work should be directed toward implementing and testing SHM systems for
use in the operational conditions that structures are expected to encounter. In order
to enhance the stability of SHM systems that use bonded PZTs, it is necessary to

use monitoring trials so that an adhesive is selected which is more stable than those
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tested in this work. Research should investigate techniques to improve on methods
used to bond PZTs. Additionally, an approach can be used to develop damage
detection algorithms which incorporate compensation for the effects that ageing of
adhesives have on SHM data collected with bonded PZTs; it is suggested to use
modeling to determine the effects on transduction (as done in Chapter 5) in order
to design intelligent processing methods. The findings of the thesis indicate that
the SHM system which uses EMATS is relatively stable and suggest that it would
be preferable to develop the use of this transduction mechanism in order to make
it more viable for industrial usage. Thus, most of the rest of this section discusses

suggestions to develop the SHM system which uses low voltage EMATSs.

The major concern with the use of EMATS is their sensitivity to EMI which needs
to be shielded against in order to eliminate sources of variability which affect SHM
data. It would be worthwhile studying the performance benefits which can be real-
ized by designing appropriate shieldings for the transducers such as those made of
mu-metal (whose high magnetic permeability can be exploited to redirect magnetic
fields away from the coils of receiving EMATSs.) It is also suggested that studies
be used to determine how the designs of the acquisition instrumentation can be
improved in order to ensure more consistency in measurements. Tests can be used
to assess whether it would be worthwhile using twisted pair wiring in the prototype
multiplexer or researching strategies to reduce chattering in the reed relays. Other
modifications to the acquisition hardware can be used to enhance the capability to
accurately resolve small changes in pitch catch data obtained using the data acqui-
sition procedures. In particular, a device can be used which has a larger memory
capacity than the Handyscope (HS3, Tie Pie Engineering Ltd., NL) in order to use
longer sequences and realize benefits such as the ability to recover smaller amplitude
signals of higher fidelity (and eliminate the need to use time averaging in saving re-
ceived signals of sufficiently high SNR.) The preamplifier could also be redesigned
to have an input impedance that more closely matches that of the EMAT coil so

that the sensitivity of the sensors can be improved.

There are other issues which would need to be researched in order to make SHM
systems based on the use of EMATSs more practical than the prototype system that
was evaluated. Firstly, EMATSs similar to those tested can be readily deployed on
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steel structures in the oil and gas industry though novel attachment strategies must
be researched to develop sensors that are to be used for monitoring aluminum struc-
tures (such as those commonly found in the aerospace industry.) The transducers
and acquisition electronics must also be adequately miniaturized in order for them
to be useable in industrial applications. Finally, the EMATSs which were tested in
this work were not designed to generate the SO mode as selectively as the bonded
PZT sensors. As studies have confirmed that monitoring capabilities are enhanced
by increasing the transducer selectivity to the mode being monitored, it is impor-
tant to determine the performance that can be achieved with the use of EMATSs
optimized to achieve higher SO mode selectivity. Recent research indicates that the
use of numerical optimization procedures may be particularly beneficial for realizing

transducer designs in an efficient manner [98].

There are other challenges which need to be addressed in making SHM systems for
industrial use irrespective of the particular transduction mechanism which is devel-
oped. A major issue is that it would be impractical to disassemble and place many
of the structures in the aerospace and shipping industries in environmental cham-
bers. Therefore, it is necessary to develop the capability to collect sufficient baseline
signals with deployed SHM systems in practical contexts. It may be possible to
increase the efficiency of algorithms such as those conceptualized in [68] in order
to autonomously collect baselines. However, it may be necessary to develop new
strategies so that baselines can be obtained more rapidly than currently possible or
in order for monitoring evaluations to be performed using methods which do not re-
quire baselines (as are being developed in a project involving collaboration between
BP and the NDE Group at Imperial College London.) Also, guided wave SHM has
been shown to enable detection of holes and notches at locations far from where
structural features are located. However, most industrial applications require capa-
bilities to detect gradual damage which often occur at the interfaces between bolted
or bonded parts of structures. It is encouraging that research has demonstrated
that baseline subtraction based methods enable detection of a notch at a rivet hole.
It would be worthwhile investigating the potential of extending capabilities to de-
tect changes such as crack growth and nonuniform material degradation at features
which significantly affect most safety critical structures. Demonstrations of progress

on the issues that have been described can make guided wave SHM technologies
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more viable for use in practice.
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Appendix A

Material properties

A.1 FE modeling

Table A.1: Mechanical properties of non-piezoelectric materials from [142]; *Young’s
modulus of a material is real valued if loss factors is indicated as N/A.

Material | Young’s modulus magnitude* | Density | Poisson’s ratio | Loss factor
(GPa) (kg m-?)
aluminum 73 2780 0.333 N/A
epoxy 2.8 1200 0.345 0.3
HDPE 1 950 0.42 N/A

Table A.2: Properties of the PZT from [152].

Property (Units) Value
Density (kg m=3) 7700
cE (101 N m2) 14.7
& 11.3
ck 10.5
¢ 9.37
ck 2.3

cZ 2.12
e1; (C m2) -3.09
€33 16

€15 11.64
€7, (102 C V-t m 1) | 9.99
€3, 8.10
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A.2 SPECTRUM simulations

Table A.3: Material properties from [39, 152].

Material | Density v
(kg m=3) | (m s7!)

water 1000 1483
aluminum 2700 6320
epoxy 1200 1915
PZT 7700 4510
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Appendix B

First radial resonance frequency of

bonded PZT discs

A bonded @ 20 mm , 1 mm thick PZT disc was initially considered as the sensor
to use for aluminum plates of varying thicknesses. In the case of the 2 mm thick
plates, however, the FE studies of Section 3.3.2 indicated that it would be difficult
to achieve off resonance transduction of selective SO waves with this PZT. It was
thought appropriate to exploit changing the disc thickness thpzr and the expected
effects [91] on the PZT stiffness so that the resonance may be shifted away from the
frequency at which selective excitation of SO (relative to A0) occurs (i.e. f49 =100
kHz as described in Section 3.3.2.) The model of Figure 3.2 was used with @ 20 mm
PZTs of various thpzr bonded on 2 mm thick plates being excited by 1 V in order to
simulate motions of discs. The magnitudes of the velocity responses obtained from
motions monitored at the edge node on the PZT surface are plotted in Figure B.1(a).
The resonance frequencies f, were extracted from the plots at the points where the
peak in each curve occurs and are shown in Figure B.1(b). These results show the
inverse relationship between f,. and thpzr for a bonded PZT of fixed diameter [91].

The 0.5 mm thick disc has f, =145 kHz, which is far from 100 kHz. Thus this PZT

was chosen for use on 2 mm thick aluminum plates in Section 3.3.2.
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Figure B.1: (a) The magnitudes of the in-plane velocity responses of @ 20 mm PZT discs
of thicknesses thpzr bonded on 2 mm thick aluminum plates which were obtained from
the simulated motions of the node on the circumference of the PZTs with 1 V excitation
of them and (b) the extracted resonance frequencies f, as a function of thpzyp.
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Appendix C

Correcting data for signal changes

in the pulse at the SO arrival

A signal W(t) containing a Tukey window with a flat section as long as the temporal
length of the 8 cycled, 170 kHz input toneburst and 1 cycle long tapers was centered
at the Hilbert envelope detected arrival time of the first SO pulse in each monitored
guided wave signal of Chapter 4. W (¢) and each of ¢(t) and OB(t) were multiplied
in order to isolate the SO wavepackets of interest. The spectrum of the gated SO
wavepacket in each optimal baseline was divided by the spectrum of the gated SO
wavepacket in each current signal, and multiplied by the FFT of the current signal

prior to computing the corrected time trace by application of an IFFT, i.e.

FW(H)OB(1))
F(w(t)e(?))

CTch"Tected(t) = f_l ( f(C(t))) . (Cl)

This procedure enabled correction of wave shape changes with low leakage of power
at frequencies outside the input bandwidth [104]. Residuals were computed with the
corrected current signals in a similar manner as for the original current signals, and
images were generated using the ellipse algorithm described in Section 3.4.2. The
mean I7peorrectea Of pixel intensities in the area bounded by the sensors was computed
and tracked values of it are plotted (gray points) as a function of monitoring time
in Figure C.1. This plot also superimposes the results (black points) that were
obtained as described in Section 4.3.3. The correction of data results in nearly 6 dB

reduction in the amplitudes of the residuals toward the end of the monitoring period.
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Appendix C. Correcting data for signal changes in the pulse at the S0
arrival

Comparing the linear fits to the original, I , and corrected, ]ATFCOTrected, mean pixel
intensity values suggests that detection sensitivity may improve more generally by 3

dB however; e.g. compare the offsets (43 vs 46 dB) in the fit equations of Figure C.1.
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Figure C.1: The mean values I of I within the area surrounded by sensors and the cor-
responding values I7peorrected il gray from images generated using the residuals computed
with the data corrected using Equation C.1. Lines are the linear fits applied to the mean
values with each data.
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Appendix D

Sensitivity of pitch catch data to
the properties of the bond
between PZTs and a plate

Section 5.3.2 described how simulations with an axisymmetric model of a transducer
that is shown in Figure 3.2 were used to study how SHM data could be influenced
by changes in the properties of the bond between transmitting PZTs and plates. In
order to consider the additional changes that variations in the properties of the bond
line of receiving PZT's can produce in pitch catch signals, FE analysis was undertaken
using the plane strain models shown in Figure D.1. In particular, Figure D.1(a)
shows the model of a transmitting PZT bonded to a plate and the point at which
strains were monitored. Figure D.1(a) shows a model of a pair of bonded sensors, and
the nodes on the receiving PZT at which voltages were monitored. Square CPE4R
elements were used to mesh the plate and epoxy parts while square CPE4E elements
were used to mesh PZTs. All parts were assigned the material properties that were
used in the models of Chapter 3 and Chapter 5. This section describes the outputs
obtained using simulations with each model, and discusses the assessments that were
used to determine the amplitudes of variability that changes in the properties of the

bond line at a receiving PZT contribute to pitch catch data.
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Appendix D. Sensitivity of pitch catch data to the properties of the
bond between PZTs and a plate

a) 20 mm yL
X

+V:
0.5 mm
/ /E e )
[« -~ 5
§§ ' p=042m ! §§ :I:
L l aluminum Vyau | mm
: 0.5m - Tm o 0.5m '
b) 20 mm 62.5 um yT_)
+V X
_ 0.5 mm _
=, = - 7, )
§§ ' p=042m ! §§
L. s aluminum Vag | mm
' 0.5m - 1m o 0.5m '

Figure D.1: (a) Plane strain model of a 0.5 mm thick, 20 mm wide transmitting PZT
and 250 pm bonding layer on a 2 mm thick aluminum plate and (b) the model with a
receiving PZT of the same dimensions included at the distance that matches the sensor
pitch used in tests of Chapter 5. Monitoring points are indicated using hollow circles. All
other designations signify the same parameters as do corresponding ones in Figure 3.2.

The outputs which were obtained from the FE models correspond to strain signals
at the monitoring point in Figure D.1(a) and the potential difference resulting across
the electrodes of the receiving PZT in Figure D.1(b). The procedures described in
Section 5.3.1 were used to excite the transmitting PZT in both models. The same
procedures and outputs from simulations involving the model in Figure D.1(a) were
also used to calculate the desired strain signal (), an example of which is plotted
in Figure D.2(a). In order to obtain the desired voltage signal at the receiving PZT
in the model of Figure D.1(b), the voltage responses at each of the nodes on the
surface of the receiving PZT are monitored. An inverse Fourier transform is applied
to the monitored outputs. The resulting signals are summed in order to compute
the received signal. The result corresponds to the waveform that is normalized by
the maximum of the Hilbert envelope based amplitude and plotted in Figure D.2(b).
The methods reviewed in this paragraph were adopted in order to calculate signals
with simulations of each model in which the properties of epoxy are systematically

perturbed as described in Section 5.3.1-Section 5.3.2.

The signals calculated from outputs of these simulations were subtracted from the
relevant baseline signal obtained from simulations with each model having nominal
properties. Figure D.3(a) plots the dB values of beam spread corrected results ob-

tained from the simple baseline subtraction of the signals from simulations with the
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Appendix D. Sensitivity of pitch catch data to the properties of the
bond between PZTs and a plate

model involving the trasmitting PZT only. Figure D.3(b) contains the results from
the simulations with the model in which the receiving PZT is included as well. Note
that the amplitudes of variability associated with the 0.25°C temperature change is
similar in both sets of results, and agrees with what is obtained in Chapter 5. On the
other hand, the maximum amplitude of the results obtained with input changes to
the dynamic moduli of the epoxy in the model of Figure D.1(b) consistently exceeds
the maximum amplitudes in the results obtained from simulating the effects that
epoxy moduli changes have on the strain signals by ~6 dB. This finding is expected

according to transmit-receive reciprocity.

Residuals were also calculated by subtracting the signals simulated with each run
of the perturbed models and optimally stretched versions of the baselines. The dB
values of beam spread corrected residuals are shown in Figure D.4, and illustrate
results obtained using post-processing of the outputs from the simulations with
the codes which were used to process SHM data collected with the sensors. The
maximum amplitudes of residuals calculated using voltage signals estimated using
the simulations with the model of Figure D.1(b) exceed the maximum amplitudes
of residuals obtained using subtraction of the strain signals by ~4 dB for each level

of epoxy moduli variation.
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Figure D.2: (a) Strain signal e(¢) of the SO arrival at p =0.42 m which was estimated using
outputs from simulations with the model of Figure D.1(a) and (b) the wavepacket at the SO
arrival in the received signal computed using monitored voltage responses from simulations
with the model of Figure D.1(b); results are normalized to have unity amplitude.
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Appendix D. Sensitivity of pitch catch data to the properties of the
bond between PZTs and a plate
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Figure D.3: (a) Results of subtracting the baseline signal computed using simulated out-
puts from the model of Figure D.1(b) and signals at 67" =0.25°C and the signals calculated
using outputs with indicated changes input to the epoxy moduli around the SO arrival,
(b) corresponding results computed using outputs from the model of Figure D.1(b).

The results confirm that changes in the properties of the bond line of a receiving
PZT that is used to obtain pitch catch signals contribute variability of amplitudes
~4-6 dB greater than those in the strain field at the same distance due to the changes

in the bond between the transmitting PZT and the plate.
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Figure D.4: The residuals computed by subtracting the same signals used in Figure D.2
from optimally stretched versions of baseline signals with simulated outputs from the
model of (a) Figure D.1(a) and (b) Figure D.1(b).
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