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This work consisted in the research and development of a phased array embedded
system for Structural Health Monitoring (SHM) of aircraft structures. This system is
based on piezoelectric (PZT) transducers to excite fast propagating first symmetric Lamb
wave mode (S5)) wavefronts. The intent of this research is to contribute for an increasing

safety and efficient operation of aircraft.

Currently applied ultrasound inspections to aircraft structures in operation, as a
conventional Non Destructive Tests and Evaluations (NDT&E) technique, were
reviewed. Such and the previous development of a Lamb wave based SHM system using
PZT transducers in a network configuration served as the basis and for comparison to the
phased array SHM system developed. Lamb waves’ propagation behaviour was carefully
analyzed and a linear PZT phased array SHM system was developed and experimentally
tested. The PZT phased array was applied to representative aircraft structural aluminum
panels, considering also the existence of structural reinforcements and joints. New
techniques, hardware and software, leading to automated damage detection and location,

were researched, developed and implemented.

Tests for damage detection and location were performed, with the introduction of
damages into the specimens being simulated by surface and through the thickness holes
and cuts. Damages with a maximum dimension of 1Imm applied cumulatively to the
specimens subject to different boundary conditions were successfully detected and

located.
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Chapter 1

Introduction

Inspections for structural condition assessment are of the utmost importance for safe
and efficient operation of current aircraft. Aircraft structures operate in harsh conditions,
sustaining high loads, fatigue cycles and extreme temperature swings. Characteristics of
aircraft operation, at altitude and both high speeds in air and on the ground (at take-off
and landing), usually lead to catastrophic consequences in terms of life loss and
economically, when failure of a primary aircraft structure occurs. To achieve lighter
structures, damages are allowed to exist in aircraft structures in operation, as long as they
are within predetermined, deemed safe dimensions. Aircraft structures are then designed
according to a damage tolerant philosophy. Also to reduce structural weight, newer
materials, such as composites, have been considered. These present radically different
characteristics than (the extensively known from) isotropic materials widely used (ex.
aluminum) in aircraft, for instance in terms of response to damage existence or stress
concentrations. Furthermore, current aircraft fleets are rapidly ageing, while aircraft
travelling is considerably increasing, with aircraft structures being introduced in
operation presenting increased capacity and complexity. These characteristics are driving
required research being presently developed to increase reliability and simplify the

application of structural inspections.

Non Destructive Tests and Evaluations (NDT&E) developed in the last decades and
currently applied to assess the health of aircraft structures in operation, suffer from
localized damage detection capabilities, i.e., are able to detect damage uniquely in limited
areas around their application region. Such requires repetitive execution of inspections in
different areas of the structure, with necessary direct access to structural areas to be
inspected. This involves complicated, time consuming and consequently expensive

operations, particularly disassembling and assembling procedures, forcing aircraft
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grounding. Being grounded and intervened, and not in operation, the aircraft is not
profitable and in fact represents a cost for the operator (maintenance, hangar time,
leasing, etc). Structural inspections and maintenance are then performed in a scheduled
manner, with increasing pressure from aircraft fleet operators to reduce inspection and
maintenance time and extend intervals in between consecutive interventions. This
increases risk of damage existence and growth in between inspection operations, for
instance due to unpredicted flight severity, or foreign object impacts. Also damage might
exist and grow in regions not inspected. All of these disadvantages are related with the
fact that there is no persistent, integrated, real time and global structural integrity
evaluation system. Examples of aircraft accidents and potential damages are shown in

Figs. 1.1 to 1.5.

Figure 1.1: Aloha Airlines Boeing 737-297 (tail #N73711), flight 243, Hilo to Honolulu,
Hawaii, landed on Kahului Airport on Maui, April 28, 1988 - multi-site fatigue-corrosion
crack damage in non predicted locations in the fuselage skin panel joints — ageing
structure aggravated by commuting service with frequent short flights with take-off,
compression-decompression cycles and landings [1].



Figure 1.2: Japan Air Lines (JAL) Boeing 747-SR46 (tail # JA8119), flight 123, from
Tokyo to Osaka, Japan, August 12, 1985 - tail structure loss due to a scheduled
maintenance error on the rear pressure bulkhead — the single aircraft worst accident in
history with 520 casualties [2].

Stringer 16

Figure 1.3: Hawkins & Powers Aviation C-130A fire fighter (Tail#N130HP), Walker,
California, June 17, 2002 - fatigue cracks in the wing structure [3].

... Wingfrontspar-aftside '

—

Figure 1.4: Fatigue crack developed by corrosion in wing front spar joint.



Figure 1.5: Impact damage.

Furthermore, structural inspections might be performed without detection of any
damage, incurring costs that could have been avoided. On the other hand, structural
components are sometimes replaced when identified damages approach their design
maximum dimension, without, however, having reached their operational limit. It is less
expensive to replace such components immediately while the structure is accessible, in
the same scheduled inspection, as soon as defects were identified with dimensions
approaching allowed maximums. If components were not replaced, the interval for next
scheduled maintenance would most probably be reduced (with again grounding/non
operation of aircraft, expensive and long maintenance procedures required, disassembling
and assembling procedures, etc). Moreover, maintenance operations also involve certain
dangers on potentially creating additional damage to the aircraft structure, without any
awareness for such fact - this, besides manufacture imperfections, impact damage,
corrosion, fatigue related damage, for instance due to pressurization cycles, excessive

loads, unavoidable stress concentration locations in design, etc.

The difficulties posed by the present application of NDT&E techniques in aircraft
structures in operation are responsible for the development of Structural Health
Monitoring (SHM) methods and subsequent Structural Health Management. SHM
techniques are currently being intensively researched. Initial important developments on
SHM techniques emerged in the beginning of the last decade, enabled by advances in
electronics and computation. SHM systems are intended to be embedded into the
structure, assessing structural condition in real time or near real time, in a more global
way. In such manner, inspections can be performed during operation, without requiring

direct access to the structure to be inspected and then with no operation downtime and
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required long and expensive disassembling and assembling procedures. Maintenance

would then be performed when required, i.e., it would be condition based.

Reliable SHM systems can potentially identify damage earlier, and then in earlier
stages of development, particularly if they allow for a reduction of the minimum damage
dimension to be detected. One of the advantages of this specific aspect is that design
safety factors could be decreased - particularly in areas of stress concentration and prone
to fatigue, as for instance in riveted joints, where design safety factors are increased and
structural reinforcement is required. The decrease of design structural safety factors,
without deteriorating safety of operation, and subsequent reduction of required structural
reinforcements and structural weight will have a direct impact in increasing available
payload weight. Alternatively, the reduced weight will require a reduced lift, reducing
generated drag, required thrust and then fuel consumption (economic benefits) and
emissions (achieving a more environmentally friendly aircraft), reducing again aircraft
weight, even more. Since aircraft design is a cyclic process, these reductions (even if

small in the beginning of the process) are greatly amplified during the design cycle.

With SHM techniques embedded into aircraft structures and enabling real time or near
real time damage detection, pilots could restrict flight severity depending on warnings.
Subsequently, current and future operation of the aircraft could be tailored, based on
damage severity. Similarly to what is applied presently with NDT&E in aircraft
structures in operation, knowing the predetermined flight severity (flight loads spectrum)
and having in mind that predictive algorithms for damage growth are established —
Damage Prognosis -, the Remaining Useful Life (RUL) of the component could be

estimated, but now in real time.

With the objective of detecting, locating and characterizing damage - identifying
damage type, shape, dimensions, orientation, etc -, there are several SHM methodologies
being actively researched and developed. These range from Eddy currents; to Acoustic
Emission detection; to low frequency vibration characterization of the structure (both in
undamaged and damaged states and subsequent comparison); to wave propagation based
(interference of propagating waves with defects), and specifically to Lamb wave

propagation based systems. For all SHM methods, it is fundamental the embedment of
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transducers (actuators and/or sensors) into the structure under inspection. Transducer

selection is strongly dependant on that aspect and on the technique to be applied.

In the research performed and described here, the development of a phased array SHM
system, to apply Lamb waves, was carried out. The developed system can be applied to
different phased array configurations, being particularly tested in a linear array
configuration. Particularly, the implemented system excites fast propagating first Lamb
wave mode (Sy) wave fronts and senses the resultant reflected Sy waves (by boundaries,
reinforcements, discontinuities and potential damages). The development of this system
stemmed from the previous study and implementation of a transducer network, Lamb
wave based SHM system [4, 5]. Such system was applied to plates made of aluminum
and composite material and was successfully tested with the detection of defects as small
as Imm. The selection of a mechanical type of actuation system also emerged from
previous work on low frequency aeroelastic vibration control and SHM of wing
structures and the desire to condensate in a single system, SHM and aeroelastic control,

and possibly vibration energy harvesting, in the future.

The decision to focus this research on Lamb wave systems was also based on the
numerous references in literature to these systems as being a promising alternative to
NDT&E, being capable of detecting smaller defects. Additionally, they represent a
natural evolution from ultrasound based NDT&E systems, already widely used in aircraft
structures in operation and considered a good inspection technique. These also do not
require any special precautions in their application, for operator safety or to avoid
damage to surrounding systems. Such is the case in the application of Eddy currents
based methods, with electric currents passing through the host material to be inspected
and electro-magnetic fields being generated, with possible Electro-Magnetic Interference
(EMI) to surrounding systems. Furthermore, transducers considered for application of
Lamb wave propagation based SHM methods can also be used for the implementation of

all other SHM methodologies referred, except for Eddy currents based techniques.

The decision to develop a system based on the Sy Lamb wave mode emerged from the
high propagation velocity of such waves. These waves and their subsequent reflections

generated by potential defects are then less prone to interference from slower propagating
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waves (modes). Sy waves are also more sensitive to internal structural damage, while
presenting lower propagation amplitude damping. This aspect means that they are able to
propagate in larger areas, increasing the potential inspection region. Their high
propagation velocity has however the disadvantage of imposing more restrictive and
demanding requirements into the development of actuation and acquisition systems,
considering also their dispersive behaviour. This is in fact the reason for the inexistence
in the literature of reports on the successful development of dedicated phased array
systems for the activation of fast propagating Sy wave fronts. This aspect is assessed by

this work.

Specifically, Lead Zirconate Titanate piezoelectric (PZT) transducers were selected and
applied in this phased array configuration, due to their capability of simultaneous high
frequency actuation and sensing. This research comprised a study of Lamb waves and
their propagation characteristics - based on the host material to be inspected — applied to
the implementation of the phased array SHM system. Such study led to the selection of
transducers to be employed and to the development of dedicated actuation, signal
acquisition and data processing component systems. Tests for damage detection and
location were performed on aluminum plates, representative of aircraft panels and wing

spar webs.

Different boundary conditions were applied to the panels, from fully supported plates
to simply supported in their edges. One of the main objectives accomplished in this work
was to achieve a (reliably) detectable minimum damage dimension inferior to what is
currently the standard for NDT&E techniques applied to aircraft structures in operation,

independently from prescribed boundary conditions.

1.1 - Motivation and the need for NDT&E and SHM:
Historical Perspective on Structural Integrity Assessment

Primarily due to safety, but also in some cases due to operational reasons, it is of the
utmost importance a correct assessment of the health of structures in service. Most
probably the first structures to be inspected were houses, followed by tools, weapons and

transportation vehicles, such as wagons and vessels. First inspection methods were based
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on visual inspections, of course with the limitations that might be inferred. Along history,
other infrastructures became of importance in terms of required structural health
assessment, due to potentially catastrophic consequences in case of their failure. Besides
aircraft structures, buildings and bridges are presently the focus of great attention and
recent developments in terms of their Structural Health Monitoring. For instance, bridges
are being erected in more difficult places, with increasing complexity, dimensions, load
capacity and human traffic across them. Consequences of their failure are severe as
proved by the collapse of the I35W Mississippi River bridge, in the evening rush hour of
August, Ist, 2007 [6] — Fig. 1.6.

Figure 1.6: Collapse of the I35W Mississippi River bridge [6].

The Industrial Revolution — with the development of factories, vessels and the railway-,
further technology advancements in the XX century - with relevance for the aerospace
domain - and higher safety concerns, brought the demand for more efficient and accurate
structural condition inspection methods. The main objective of these methods is then the
detection of potential catastrophic flaws in development, before the collapse of the

structure, with the risk of loss of life and economic damage.

In the aerospace domain, the assessment of structural health condition, both for aircraft
and space vehicles, is extremely important, since relatively small flaws might lead to the
collapse of the much needed lightweight structures. Due to the nature of flight and
aircraft operation on the ground - with relatively high speeds at landing and take-off -, the
collapse of a primary structure of an aircraft usually has terrible consequences. Most
important than the loss of the vehicle and consequent loss in operations, that, in a

commercial aircraft, might result in the loss of many lives.
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Flaws in an aircraft structure might be created during manufacturing, be impact related
(foreign object impacts, operational impacts, such as in loading the aircraft, and
sometimes even due to impacts occurring during maintenance operations), or emerge due
to excessive loading - for instance when design flight envelope structural loads are
exceeded due to unpredicted wind gusts or atmospheric turbulence. If not immediately
catastrophic, the growth of such flaws, leading to structural collapse, is driven by fatigue
due to operational loads variation (pressurization cycles, aeroelastic vibration, etc).
Furthermore, fatigue cracks are prone to appear in stress concentration regions, which
must be avoided, as possible, during structural design. Stress concentrations cannot,
however, be totally eliminated. Required rivets and fasteners’ holes to join different
structural components are responsible for originating stress concentrations and
consequently for the necessity to apply in those structural areas augmented design safety
factors. These in turn result in the application of added structural material
(reinforcements) in those areas, with one of the worst effects for aircraft design:

increasing structural weight.

Aircraft operational loads that contribute to fatigue are: aerodynamic loads, on the
ground, or in flight (aeroelastic loads induced vibration); ground reaction loads, impact
and vibrations during take-off, landing and taxiing; ground operation loads; and
pressurization cyclic loads (of the utmost importance for driving fatigue crack growth in
aircraft fuselages). Aerodynamic loads are important in manoeuvres, in achieving a
certain flight mission and flight path, when aircraft encounters atmospheric turbulence or
wind gusts, inducing aeroelastic loads and vibration. They are also important in ground-
air-ground transition flight phases, when counter balancing weight loads shift from
ground reactions applied to the structure through landing gears to the wing generated lift,
and vice versa. Aerodynamic loads affect fuselages, vertical and horizontal stabilizers
and mainly wings and their connection to the fuselage. Ground operation loads have an
important role in taxiing, take-off and landing, and ground handling operations. Examples
of important loads in these phases are: aerodynamic and control loads in stabilizers;
ground reactions, impacts, braking forces and vibrations in the landing gear and

supporting structure; powerplant related forces (in acceleration at take off and thrust
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reverse in landing); and forces and impacts applied in operations such as docking, loading

and unloading the aircraft.

Inspection of aircraft structures becomes even more important with the evolution of
aircraft structural design life concepts. In the early years of aviation, between 1920 and
1940, structures were designed according to an Infinite Life concept, i.e., so that they
would be operated below their fatigue stress limit. Obviously, the application of such
concept in design resulted in extremely heavy structures, considerably restricting aircraft
performance, and was quickly abandoned. It must be remembered that increasing aircraft
weight must be counterbalanced by increasing generated lift, leading to an increase in
either wing area, or wing loading, and consequently increasing again (wing) structural
weight. Increasing lift generation also increases drag generation that in turn must be
counterbalanced by increasing thrust. This forces the use of powerful and probably bigger
and heavier powerplants, with increased fuel consumption, leading again to the increase
of overall weight (powerplant weight, structural weight to support heavier powerplants
and added fuel weight). Moreover, higher structural weight, for a certain lift generated,
decreases payload weight available (passenger and cargo capacity), manoeuvring
capabilities and aircraft performance such as endurance and range, since available fuel

weight is reduced.

A Safe Life structural design and operation approach was then adopted. In this concept
a finite service life was established, within which the probability of fatigue cracks to
initiate and develop was extremely remote. The derivation process to determine structural
life span was therefore based on the crack initiation stage of the fatigue failure process.
This concept was applied in structural design during several years. However, it did not
account for rogue flaws generated in manufacture, with no provision also for other forms
of damage, which reduce structural life, like corrosion or accidental damage.
Furthermore, several times, service loads exceeded, were not from the same type and had
different application points than the ones considered in structural design. Damage models
and stress analysis were also often inaccurate and inadequate. These mistakes led to
multiple accidents, like those of the five DeHavilland COMET, between May 1952 and
January 1954 [7]. In the last accident, the aircraft had only about 1000 flights, while its
flight simulation tests predicted an operational life of 3060 flights.
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Additionally, in the Safe Life concept, the detection of defects in one component was
automatically a cause for its removal from service. In the early 1970's, the development
of inspection technology, in particular the ability to detect smaller flaws, led to an

increasing number of parts being rejected.

At that time, advances in the discipline of fracture mechanics enabled the prediction of
whether a crack of a given size would induce the collapse of a component under a
particular load, if particular material properties and fracture resistance were known.
Models were developed to predict the growth rate of cracks subject to cyclic loads
(fatigue). It became possible to have structures in service with existing defects, as long as
their existence and their dimensions were known and smaller than calculated maximum

damage dimensions, determined to lead to structural collapse.

A Fail Safe structural design and operation concept was then in place. Here, a structure
is designed to be capable of retaining required residual strength for a period of unrepaired
service, after sustaining a failure or partial failure of a primary structural element. An

example of a wing-fuselage connection, steel Fail Safe plate, is presented in Fig. 1.7.

Figure 1.7: Steel Fail Safe plate, on the wing box to fuselage connection.

Structures designed according to this concept present multiple load paths and use crack
stoppers, so that stress levels after crack initiation are kept low, providing controlled and
slow crack growth rates. Simultaneously, structural design is performed to assure a high

probability of crack detection before strength is reduced below limit load capabilities.

The Fail Safe structural design and life concept evolved to the establishment of the
Damage Tolerance philosophy. In this concept worst case scenario assumptions of initial
manufacturing defects are considered. Also, details on sensitivity of inspection
techniques (minimum detectable damage dimensions and other limitations, such as
imposed by structure’s geometry, potential locations and characteristics of damages to

detect, their orientation, etc), to be applied for in service crack detection, are accounted
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for. A service life before next inspection and structural repair is then predicted, based on
quantitative calculations of crack growth rates and predicted flight loads severity. A
regime of repeated inspections is defined to ensure a high probability of crack detection

prior to catastrophic failure, i.e., a scheduled based inspection and maintenance is

established [8].

The evolution in terms of structural design life concepts and in materials applied to
aircraft structures lead to the required development of more efficient, reliable and
accurate inspection methods to assess structural health condition. Such required
developments are also justified by other current and important problems, as for instance,
ageing aircraft fleets, with aluminum structures, surpassing by much their designed life
flight hours. In the last years, there have been an increasing number of accidents related
to ageing aircraft. Several accidents involved older cargo aircraft converted from
passenger commercial jets, with extensive flight hours [9]. Fortunately in terms of
passenger aircraft, the number of accidents was considerably lower. Minor accidents
were proved to be related with unaccounted or undetected damage involving ageing
aircraft, with the loss of wing and fuselage panels in flight — for example in 2008, three

Boeing 757 performing domestic flights over US lost wing root panels [10].

Ageing aircraft fleets are presently a topic of concern. Even if fortunately there were no
major accidents up to now, it is predicted that the continuous use of aircraft fleets
reaching their limit design flight hours, without predicted replacements in the near future,
is going to result in an increasing number of accidents, with possible loss of life. Due to
economic considerations, fleet operators try to prolong the service life of aircraft, while
scheduled maintenance is less expensive, at least in the short term, than removing the
aircraft from operation and replacing it by a new one. The problem is aggravated since
newer aircraft models, presenting increased efficiencies in terms of fuel burn and then
environment and economic footprint are only predicted to come into service not before
2015, to replace existing fleets. Besides this, with new requirements in terms of dramatic
increase in aircraft efficiency, due to environmental and economic reasons, new
configurations are in development to be introduced in service in the next decade. This
anticipated dramatic change in aircraft design and consequent changes in operation has

aircraft operators delaying their decisions on replacing existing fleets.
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Inspection and maintenance of ageing aircraft fleets becomes a difficult, lengthy and
expensive task without guaranteeing total safety of operation [11]. Damage in unusual
areas, commonly not inspected in the normal operational life of aircraft, may occur.
These areas have not been considered previously, since they were determined to be
damage free during the designed operational life span of the aircraft. Furthermore, since
the designed operational life has been surpassed, there is no extensive information about
these new locations where damages may develop. Unpredicted operational damage might
also occur, such as impact damage, due to excessive loading (in flight or in ground
operation), or even maintenance related damage. Also related with the localized
capabilities of present inspection methods applied to aircraft structures in operation, to
maintain safety levels, lengthy and costly major operations of disassembling and
inspection in broader areas of the structure must be performed. An example of an
operation related damage that occurred in flight, was the explosion of an oxygen gas tank
in the cargo bay of a Qantas Boeing 747, in July, 25th, 2008, with the rupture of fuselage
panels. Pilots had to make a decision of alternating the flight and limit manoeuvring loads
based on the few amount of information they had, since they could not assess the true

nature, reason, dimensions and possible consequences of damage [12].

US Air Force (USAF), for instance, has been assessing the economic consequences of
inspection and maintenance of their ageing aircraft fleets, compared to removing from
operation and replacing existing aircraft, for the same or newly designed aircraft models.
Examples of USAF ageing fleets are the B-52 and F-14 fleets, in service for more than 45
years. The first conclusion is that, before totally new designs come into service,
presenting dramatic improvements in efficiency, what is predicted only to happen in the
next decade, it is not yet economically viable to replace existing ageing fleets. Such is
related with the costly removal of an aircraft from operation that still performs well
enough the missions it is intended to. However, it is not also acceptable to USAF the

economic burden of current inspection procedures and maintenance operations [13, 14].

As referred previously, the evolution in aircraft structures’ materials and specifically
the introduction of composite materials (presently widely applied), replacing aluminum,
in aircraft structural design is also an important factor for the development of damage

inspection techniques. Composite materials are extremely interesting for application in
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aircraft structures since they present high strength to weight ratios and good corrosion
resistance. Furthermore, the application of composites enables the fabrication of
structural components with more complex geometries and with increasing dimensions
(reducing joints). However, when compared to aluminum, composites also present a
worth behaviour in the presence of flaws — cracks and delaminations. Also, the
application of composites poses difficulties in their connection to other materials and on
how to connect different composite structural components. These problems are related to
a worse response in the presence of localized stress concentrations — in the joints these
are due to rivets holes, contact required to other materials, such as aluminum and steel
rivets, screws and required sleeves, etc. Stress concentration in crack tips and
delamination boundaries usually result in abrupt failure of the component, even
sometimes when these damages have just appeared and still present small dimensions,

i.e., just after a small and rapid growth.

Also, as referred, stress concentrations exist near required rivet and fasteners’ holes for
connection to other parts. In fact this is the reason for reducing the connection points and
so to reduce the number of parts in a composite structure. The parts have then increased
dimensions and are more geometrically complex, what is allowed by the intrinsic
manufacturing characteristics of composite materials [15]. Since the structure consists of
a smaller number of components with increased dimensions and geometrically more
complex - Fig. 1.8 -, augmented difficulties are also introduced for the execution of an

accurate structural inspection applying traditional techniques.

The recent boom in the application of composite materials in primary aircraft structures
lead to important developments in the manufacturing methods, such as Resin Transfer
Molding (RTM). However, some minor but relevant manufacture defects still emerge,
requiring some engineering thinking and attention. Examples are the defects (air bubbles)
detected in the first tail cone structural prototypes, integrally made of Carbon Fiber

Reinforced Polymers (CFRP), for the Boeing 787 Dreamliner [16].
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Figure 1.8: CFRP fuselage skin panel and fuselage section being assembled of the
Boeing787 Dreamliner.

These manufacturing defects lead to the inspection of components right after
manufacture, usually through the application of ultrasound C scans. Being local detection
methods and the components to inspect bigger and more complex, inspection procedures
are lengthy and costly. To assess this problem, newer techniques, such as “the squirter”,
are being developed. Midas NDT is developing this method for the inspection of the main
wing spar of the Airbus A400M military aircraft [17].

The sensitiveness of the mechanical properties of composites (such as Young modulus,
yield strength, etc) to the manufacturing process — fiber directions, fiber to resin ratio,
pressure and temperature applied during the curing process, solvent release, resin
injection process, etc — led also to increased difficulties in inspection procedures. Usually
sample structural prototypes are manufactured for mechanical testing, to validate

mechanical properties of the manufactured composite materials.

The motivation driving this research effort is the desire to contribute for an increasing
safety in aircraft operation, achieving simultaneously a reduction of structural complexity
and weight. This last aspect leads to increasing economical efficiency in operation and to
more environmentally friendly aircraft. To achieve such objectives, the intent is to
develop structural inspection systems that will solve the previously referred difficulties
and shortcomes posed by the application of current NDT&E methods to aircraft
structures in operation. Those systems, falling into the SHM field of research, are
embedded to the structure, allowing for real time or near real time and more global

assessment of structural condition. They must be designed to be competitive to existing



16

systems, bearing in mind the requirements for their practical application in the near
future, to real aircraft structures, and not uniquely as a laboratory application exercise.
Moreover, the motivation is centered in developing such systems to achieve the detection
of damage with dimensions inferior to what are currently detected by NDT&E applied in

operation and SHM systems in research and development, reported in the literature.

The development of this system was based on the previously mentioned approach at
the end of the introduction. This approach allowed the mitigation of some of the
difficulties reported in SHM systems. The multiple actuation system developed enabled
the excitation of wavefronts with consequently increased actuation amplitude. The data
processing software developed applied multiple (parallel), concurrent methods. These
were fundamental to achieve the final result of reliably detecting and locating damages

with dimensions below 1mm.

1.2 — Thesis Outline

In Chapter 1, it is presented the introduction for this work. The requirements for
inspection of aircraft structures are described and the motivation for the development of

SHM systems and this work is explained.

A brief description of currently applied NDT&E methods into aircraft structures in
operation is presented in Chapter 2. Particularly Sonic and Ultrasonic inspections are
explained in more detail as the basis and for comparison to the SHM systems to be
developed. From this insight into existing techniques to assess structural health and for
damage detection, the need for the development of SHM systems is summarized and
different techniques being presently researched for the application of SHM to aircraft

structures are summarily explained.

Chapter 3 is focused in the explanation of Lamb waves. The dispersion behaviour of
Lamb waves is explained, through the mathematical deduction of the equations that
enable the calculation of Lamb wave propagation velocity dependency to their frequency.
A review of the state of the art in Lamb wave based SHM systems is presented and the

contributions of this work to this field are stated.
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In Chapter 4, an analysis of the relevant characteristics of the Lamb wave dispersion

behaviour, to be applied in the development of a phased array system, are determined.

From such properties, the development of the phased actuation system is presented.

The experiments performed for the validation of the phased array system are explained
in the beginning of Chapter 5. Afterwards, the developed damage detection algorithms
are presented and the tests executed for inspection, i.e., for damage detection and location

in a representative aluminum plate are described.

The conclusions retrieved from this work and the planned future work are summarized

in Chapter 6.
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Chapter 2
NDT&E and SHM

NDT&E are vital to ensure safe operation of aircraft. Particularly, corrosion detection,
fatigue and impact crack detection capabilities are extremely important, even more in
ageing aircraft and considering the current structural design (damage tolerant)
philosophies. NDT&E is a generic name that covers all inspection techniques utilized in
the examination of a structural component integrity, without causing any damage to it.
The main objective of NDT&E techniques is to find if the structure is sound in
accordance with associated standards, designs and specifications. NDT&E enable the
detection and identification of the nature of damages, their location, dimensions, shape
and orientation, and might also be used to assess mechanical properties of the host

material.

There are several NDT&E techniques [18 - 20]. Traditionally NDT&E consist of
systems external to the structure to be inspected and present capabilities to detect damage
only locally. Conventional inspection methods can be classified according to the

following categories:
- Mechanical-Optical (Visual Inspections)
- Chemical-Analytical (Liquid Penetrant Inspections)

- Electromagnetic-Electronic  (Magnetic  Particle Inspections, Eddy Current

Inspections)
- Penetrating Radiation (Radiographic Inspections)
- Thermal and Infrared (Infrared Thermography)
- Sonic-Ultrasonic Inspections

It is not reasonable to infer the superiority of one method, since the appropriate

technique to be applied depends on the type of material and component geometry, as well
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as type of defect to be searched for. However, it is reasonable to compare the Probability
of Detection (PoD) of a crack with certain dimensions, in a parameterized plate, for the

application of different techniques.
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Figure 2.1: Probability of Detection for different NDT&E techniques [21].

In fact such a comparison and specifically the PoD depicted in Fig. 2.1, for the
different NDT&E techniques and detectable damage dimensions, is of extreme
importance for the present research. The SHM system in research should be able to detect
defects with smaller dimensions than the NDT&E systems, with a certain PoD, to be
reliably considered competitive and an improving alternative for their replacement. From
observation of Fig. 2.1, the SHM system developed should be able to detect damages of
Imm in dimension (or smaller) with a PoD exceeding 50%. The successful detection of
small damages is also important regarding potential damage growth monitoring.
Minimum detectable damage dimension is related with the minimum difference in

damage dimensions that the system will be able to detect during damage growth.

Lamb wave based SHM methods can be regarded as an evolution of sonic-ultrasonic
inspections. Some of the principles applied in such conventional NDT&E techniques are
also the basis for part of the development on the application of Lamb waves. A brief

description of sonic-ultrasonic inspections is then introduced.
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2.1 - Sonic and Ultrasonic Inspection

Sonic/ultrasonic inspection is a widely applied NDT&E technique, particularly to
aircraft structures. This inspection method is based on the generation and propagation of
sound waves in solids. These mechanical elastic deformation waves are generated
whenever there is a mechanical deformation imposed to the structure’s material [22]. The
displacement waves travel through the structure at certain velocities, related with their

frequency [23, 24].

Sound waves are reflected by any discontinuity or interfaces in the tested materials.
Density or geometric discontinuities, such as boundaries, reinforcements, or, more
importantly, internal flaws in the form of cracks, or inclusions can then be detected [25].
The interaction between waves and smaller discontinuities can be more clearly observed

when smaller wavelengths are applied. Through the relation:

. 2.1)

c
f
where A is the wavelength (m), ¢ is the wave propagation velocity (m/s) and f'is the wave
frequency (Hz), the higher the frequency of the wave for a certain propagation velocity,

the smaller the wavelength and the smaller are defects prone to be detected. Therefore,

the waves used in this method usually present a frequency in the range of 0.1 to 25MHz.

The method is usually based on a pulse-echo technique, introducing a sound pulse in
the host material with the objective of sensing echoes (reflections). Knowing the
mechanical properties of the host material, such as Young modulus and density, and the
dimensions of the component being inspected, the sound speed can be determined for the
wave frequency of interest [26]. The time interval between pulse and echoes can then be
translated into distances in the component under inspection, locating all reflection
sources. After identifying reflections coming from boundaries and other intrinsic
geometric and material features of the component being monitored, possible flaw

reflections can be assessed.
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Traditionally this inspection method is based primarily in body waves — longitudinal
(pressure waves) and/or shear (transverse) waves -, propagating through the thickness of

the component to be inspected — Fig. 2.2.
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Figure 2.2: Longitudinal and transverse waves.

The use of body waves is a natural limitation derived from the fact that the transducers
employed in this technique, used to generate and sense the waves, are external to the
structure. The main difficulties in the application of this technique, and hence its
limitation to only being capable to effectively detect, locate and allow for the
characterization of damage in small regions around the deployment of the transducers
probe (localized inspection), emerges exactly from the type of waves selected for its
application and their generation, or actuation type (transducers external to the structure).
Body waves present a highly scattered behaviour and are greatly attenuated in the host
material, being only able to propagate to small distances, before their amplitude is

reduced to undetectable levels.

Both straight beam and angle beam probes external to the structure can be used. In
these probes, PZT elements are connected to a straight or angled wedge crystal and
damping material, for interface, protection, delay and matching of the actuation with the

host material [27, 28]. There have been reports of research being developed also on
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generating sound waves from lasers and non contacting transducers. More recently it has
been reported the development and application of PZT arrays, applied to the material
under inspection with only a viscous elastic material layer separating both — without the

application of a wedge [29].

Arrays are used to amplify actuation through the generation of a beam front, by
promoting constructive interference between the different waves generated by each
element in the array [29, 30]. The use of phased arrays is common in medical imaging.
The array is fixed and generated beam front direction angle (or beam focus) is varied by
introducing and modifying delays, or phase differences, in between the actuation signals
for the different actuators. By promoting the generation of a beam front with higher
amplitude (with relation to a single generated wave from a single actuator) the reflected
waves and correspondent signals, potentially generated from a defect, also present higher
amplitudes, improving Signal to Noise Ratio (SNR) and detectability. Also, using the
resulting signals sensed by the different transducers improves sensing capabilities with
relation to a single transducer configuration — either by superposition of the different
waveforms (with the subtraction of the relative delays), or through the analysis of the
multiple signals, instead of just one. Basically, this technique is similar to conventional
angle beam inspection, except that the beam sweeps through a range of angles rather than
just a single angle determined by a wedge, with the need to modify the probe’s position,
or wedge. This is very useful for defect visualization and increases probability of
detection, especially with respect to randomly oriented defects, as many inspection angles

can be assessed at once, without moving the probe with potential positioning errors.

Both in single and multiple transducer configurations, PZTs are excited by electrical
discharges (with an extremely short duration in time) to generate the sound wave pulses
in the interface and then host material [31]. Afterwards the same probes are used to sense
the reflection waves, which ultimately cause the PZT element to deform and generate an
electrical signal — examples are presented in Fig. 2.3. The probe is acoustically coupled to
the surface of the test object with a liquid or coupling paste so that sound waves from the

probe are transmitted to the test object.
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Figure 2.3: Straight beam probe and angle beam probe - ASTM E1065.

The sound waves only cover a defined area of the test object, i.e., the sound beam only
travels in a delimited region — often to focus the beam to the area of interest, to inspect. A
sound beam can be roughly divided into a convergent (focusing) area, the near field, and
a divergent part, the far field, as shown in Fig. 2.4. The length of the near field (N) and
the divergence angle (y) depend on the diameter of the element (transducer(s)/probe), its
frequency of actuation (equal to generated wave frequency) and the corresponding
velocity of sound in the material to be tested. The centre of the beam is termed the

acoustic axis.

To successfully and confidently detect damage with this method or to assure that no
damage exists in the structure under inspection, the operator has to perform repeatedly
scans from different directions. This procedure is allowed and limited respectively by the
external nature of the inspection method equipment and by the geometry of the
component under inspection. Such requirement results from: the highly damped
characteristic of body waves; the referred aspects related with the sound beam; and the
fact that beyond the intrinsic scattering behaviour of the body waves, these and their
subsequent reflections are even more scattered by the defects to be detected while
presenting significantly lower amplitudes. The scattering behaviour of damage reflections
is highly dependent on damage shape/morphology. The natural consequence of such
behaviour is that only part, or even none, of the reflected waves will be directed and
sensed by the deployed transducers probe. The possibilities of detection increase when

the discontinuity is oriented at a right angle to the sound beam.
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Figure 2.4: Sound field - ASTM E1065.

2.1.1 - Equipment

Usually actuation and sensed signals are displayed in an oscilloscope based instrument,
measuring time with a high precision. Besides the displaying element, the basic
components of the systems based on this NDT&E technique are: a pulse (signal)
generator; a precise timer to control the entire system; amplifiers, to amplify the electrical
pulses coming from the signal generation module to the actuators and also the electrical
signal from the sensors to the acquisition module, to increase their original small
amplitude; and transducers (actuation and sensing) probe. To note that the timer precision
is extremely important in the determination of the time delay between actuation and
arrival time of reflections, so that with the known propagation velocity their origin and
potential defect location/distance can be precisely determined. It should be emphasized
that sound waves propagate at high speeds, so that a small error in the determination of
the time referred before will result in a considerable error in the determination of the

defect location. Also, in the application of PZT arrays the timer is responsible for creating
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the actuation delay between the different PZT elements in the transducers probe, to form
and direct the sound beam into the intended direction. Such delays are considerably small
and must be created with significant precision, otherwise the sound beam might be
directed not to the intended locale, or even destroyed, since no constructive interference
between waves generated from the different elements is promoted. Furthermore, as
referred before the wave propagation velocity is dependent on the wave frequency (equal
to generation signal frequency) and so the actuation signal must be generated precisely,

with the intended frequency.

The capability to modify the actuation signal (and then generated wave) frequency and
waveform is not offered by most systems. This results from a lack of understanding about
the dispersive behaviour of sound waves (present still the focus of research and one of the
topics focused in the research reported in this thesis) and amplifies their scattering and
damped behaviour. This is in fact one other reason for these methods to be only applied
and able to detect damages locally and mainly through the thickness of components to

inspect.

2.1.2 - Probe selection

The use of straight beam probes is important when through the thickness transmission
is considered, i.e., transmitting probe in one of the surfaces of the component under
inspection and sensing probe in the opposite surface. However, straight beam probes
present disadvantages that can be minored with the use of angle beam probes [32]. Since
straight beam probes assess the regions straight beneath their surface position and require
a smooth surface for their reliable application (with a limited inspection region due to the
fast amplitude decay of body waves and a loss in precision of the method due to their
scattering behaviour), they are not ideal to inspect structural components connection
elements, such as welds or rivets. Also, due to the time length of the actuation (and thus
the requirement of having a short actuation in time, besides the involved high frequencies
and small wavelengths), there is an area close to the probe that is not inspected (dead
zone — Fig. 2.5). Transducers cannot be used as sensors to detect any potential reflection
generated from defects in that area close to the probe, while they are being used as

actuators. Straight beam probes are not capable to detect near surface defects. This is
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even more critical since the components under inspection do not usually present a

considerable thickness — with then a considerable part of it not being inspected.
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Figure 2.5: Dead zone - ASTM E1065.

Applying the angle beam probes - Fig. 2.6 -, potential defects departing from welds and
connecting elements can be assessed, by directing the sound waves through the cross
section of the component under inspection, laterally with respect to the welds, etc. Also,
the reflections generated by the opposite component surface (now diagonally), relatively
to the surface where the probe is being applied, can be used in the assessment. Since the
applied waves are now at an angle with relation to the surfaces and thickness of the host
material, the percentage of the dead zone when compared to the distance covered by

these waves is now smaller.

l

Figure 2.6: Inspection of weld with angle beam probe.
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Scan patterns for manual weld inspections are usually in zigzag with some overlap to
ensure 100% coverage. As a check and for reliability, the test should be repeated from the
opposite side of the weld because flaws are indicated more favourably if irradiated from

one direction rather than from other.

It must be noted the fundamental role of the Perspex crystal wedge in the angle beam
probes. This wedge is designed so that the inclination in its boundaries is such that the
generation of the sound wave in the host material is focused in a single mode and single
direction. Through the application of Snell’s law to the boundaries of the wedge, the
transmitting wave is passed onto the host material and the reflected wave propagates
along the wedge’s boundary and not into the host material. Multiple wave generation in
the material under inspection would compromise the detection capabilities of the method

— increased complexity in signals with multiple waves present.

In addition to this, transverse waves propagate at lower velocities than longitudinal
waves in the same material. Such is an advantage considering the precision and
particularly time and frequency definition and sampling rate required in actuation and

signal acquisition electronic systems.

2.1.3 - Evaluation of imperfections

In order to evaluate whether the dimensions of imperfections are within acceptable
limits for the component being inspected, Distance to Amplitude Correlations (DACs) are
used. A DAC relates the amplitude of propagating waves with the distance travelled,
accounting for material damping of the wave amplitude. Since through the detection
system the distance to the defect is known, the amplitude of the damage generated
reflection waves can be analyzed to assess damage dimensions and orientation. For a
certain distance, reflection wave amplitude will be proportional to the projection of the
dimension of damage in the direction perpendicular to that of the impacting wave
propagation. The amplitude of the sensed damage reflections can then be compared to the
ones obtained in previous and regulated experiments, applying the same detection method
and predefined damages (shapes, types, dimensions and orientations). Damage

dimensions and orientation can then be determined through such comparisons [33 - 37].
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2.1.4 - Visualization

The signals resulting from a scan can be presented in different forms: A, B, C or S
scans, or even in a format combining some or all the previous forms. In an A scan, only
the actuation and sensed signal waveforms are presented, in terms of amplitude vs. time.
These allow the determination of the time delay between actuation and reflection arrival.
Consequently, since sound propagation velocity is known, the distance from the probe to
defect can be determined. B scans also relate the depth correspondent to determined
reflections to the position of the probe in the component. Optionally, data contained in A
scans for the different positions can be recorded and post processed. C scans present a
planar view of the component under inspection (similarly to an x-ray image), with the
possible defects (and their positions) represented. To obtain a C scan, the position of the
probe is varied and recorded from scan to scan (or alternatively, with transducer arrays,
the generated beam angle is recorded). For each position (and possibly beam angle) the
waveforms and depths/distances corresponding to reflections are also recorded. An S
scan is an enhanced version of a C scan with embedded A scans, to be applied when
arrays are employed. Specifically, an A scan is recorded for each beam angle and the
information is also presented in a cross section image of the component (usually in real

time).

2.1.5 - Summary

As a summary of the advantages and disadvantages of this type of inspections, it must
be mentioned that they are sensitive to both surface and subsurface discontinuities. The
depth of inspection is superior to other NDT&E methods. Access is required to only one
side of a component when the pulse-echo technique is used. This technique is highly
accurate in determining defect positions ( origin of reflections) and estimating their
orientation, size and shape. Minimal part preparation is required. Electronic equipment
provides instantaneous results and detailed images can be produced with automated
systems. As with all NDT&E methods, the surface of the structures to inspect must be
accessible. Components that present a rough surface, irregularities in shape, small size
(particularly thickness), or inhomogenities are difficult to inspect. Cast iron and other

coarse grained materials are difficult to inspect due to low sound transmission and high
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signal noise [38]. Linear defects oriented parallel to the sound beam may not be detected.
Reference standards are required for both equipment calibration and the characterization

of flaws.

It is important to refer that these methods, all the techniques applied within them, the
knowledge database originated with them and all their aspects including their
shortcomings are the basis for research and development of SHM systems based on wave
propagation. It was of the utmost importance to thoroughly understand sonic-ultrasonic
conventional NDT&E techniques for the research developed and hereby reported. The
parallelism to the application of Lamb wave propagation was assessed, not in all, but in

multiple aspects of these techniques.

2.2 - The need for Structural Health Monitoring

The need for inspection of aircraft structures to achieve safe and economically efficient
operation has been demonstrated and justified by, among others: risks involved in aircraft
operation; current structural design damage tolerant philosophies; ageing aircraft; and
introduction of composites into primary aircraft structures. NDT&E techniques presently
applied to aircraft structures in operation are unable to assess structural condition either
reliably and persistently or on a global level. The research, development and
implementation of SHM techniques, as embedded, real time and more global assessment
methods, is justified by the characteristics of current NDT&E. With the application of
conventional NDT&E methods for aircraft structural condition assessment, higher safety
levels while maintaining good economical performance will hardly be achieved. This is

due to:

- the consequent lengthy and costly inspection operations (involving profuse
disassembling and assembling procedures), with the aircraft not in operation for

longer periods (and therefore not profitable);

- the increased safety factors included during the design of the damage tolerant
structures to overcome the deficiencies of the current NDT&E methods. The

minimum damage dimensions that can be reliably detected are still considerable.
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Therefore requiring structural reinforcement and then increasing structural weight,
reducing available payload weight, or increasing required power, fuel burn and

emissions.

2.3 - SHM Techniques under Research

SHM involves assessing structural integrity through different damage diagnosis levels:
detection, location, severity assessment (damage characterization, such as shape, type,
orientation and dimensions) and finally damage prognosis, by assessing the remaining

useful life [39].

There are different approaches to SHM of aircraft structures. Besides research on the
application of Eddy current techniques, the majority of the emerging methods are based
on mechanical excitation of the structure being inspected. These mechanical excitations
vary from low to high frequencies and can be applied by an active SHM system, or by

environmental loads.

2.3.1 - Low Frequency or Vibration Based SHM

Low frequency methods are based on static, quasi-static and/or vibration analysis of the
structure to inspect. These methods assess deformation, curvature, vibration and damping
changes - globally and/or locally -, natural frequencies (shifts, distortion, etc), vibration
energy and changes in natural modes shape (their orthogonality, local curvatures, etc),
due to damage existence. Changes in mass and rigidity of the structure, again globally
and/or locally may indicate the existence of damage [40]. These methods are based on a

comparison of damaged with undamaged data.

As an advantage, these methods can use, in some cases, the free vibration response of
the structure, then without the need to apply actuation and related systems, power and
actuators. If actuation is considered to be applied on the structure by the SHM system,
actuators are usually required to have high actuation power, due to the considerable

dimensions, mass and rigidity of the structures to inspect.
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As an advantage, low frequency, or vibration based SHM systems can, theoretically,
assess the structure condition globally. These techniques do not require complex and state
of the art data acquisition systems with high sampling ratios and having to work at high
frequencies. However they require high precision and definition on data acquisition. A
wide range of transducer types can be considered, including widely applied and known

strain gauges, PZTs and FBGs.

The disadvantage of these methods is that with a simple and direct approach, defects
must present considerable dimensions to be reliably detected, i.e., their influence in mass
and/or rigidity change must be substantial. Simultaneously, there are, possibly, particular
locations in the structure (depending on the structure’s geometry, material, etc), where
certain changes in mass accompanied by certain changes in rigidity will not result in
significant changes in the structure’s natural frequencies or natural modes of vibration
[41]. Vibration based SHM techniques are then ideal for structures designed to be capable
of sustaining damages of significant dimensions before collapse and where damage

growth monitoring is not required with a high definition.

To improve damage detection capabilities of low frequency methods, their precision
and reliability, significant research has been performed in the development of data post
processing techniques, data mining, etc. Data processing techniques being researched are
also extremely interesting in terms of the application of their principles into high
frequency methods. These techniques include Statistical Methods, Neural Networks
(NN), application of Fuzzy Logic principles, signal filtering and signal Wavelet

reconstruction, Genetic Algorithms (GA) for damage search, etc [42].

2.3.2 - High Frequency SHM

Higher frequency methods are based on acoustic wave propagation in the structural
component under inspection and the influence of damages in their propagation pattern.

They can be divided into three main groups.

The first group, impedance based methods, includes the application of burst actuations
to the structure, usually involving more intermediate frequencies (as an evolution of sonic

inspections) and in general, also without any regard for the types of waves/waveforms
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being generated. These particular techniques assess structural condition and deal with
damage detection based on impedance changes on the material due to damage existence
[43]. Damage detection is ensured by sensors applied to the structure, based on electro-
mechanical impedance effects. The more common applied sensors are PZTs The damage
generated wave reflections, their amplitudes, wave velocity changes, among other
characteristics of propagating waves, are monitored. As an example, the Time of Flight
(ToF) of detected waves being reflected by a known end boundary condition is
determined, i.e., the time between the burst actuation and sensing the reflected wave.
Knowing the ToF and the distance travelled by the original generated wave and boundary
reflection, the reference wave velocity can be determined. In the presence of damage, it is
expected that a damage reflection will be sensed before the end boundary reflection. With
the ToF of the damage reflection and since this wave will have the same propagation
velocity as the original wave, the distance travelled by the original and damage reflected
waves can be determined and damage position is then obtained [44]. Impedance
assessment techniques still suffer from a lack of accuracy in damage detection. As a
consequence, the dimension of reliably detected damages are in the order of several
centimetres. Such is also related with the fact that, in general, actuation is not tuned to
generate a particular type of sound wave. Due to this, sensors cannot be tuned a priori for
a certain wave type or wavelength. To overcome these deficiencies, relatively powerful
actuations are necessary to guarantee that propagating waves (generated and boundary
and potential damage reflections) have sufficient amplitude to be detected. This technique
is being widely researched for its application to beams [45]. Since they are not usually
tuned for a particular wave, they are more prone to detect any type of wave being
emitted. This is particularly important in beams, where geometrical constraints and the
proximity of lateral boundaries introduce significant complexity in the wave propagation
pattern. Waves propagating along the beam length and their corresponding sensed signal
are highly affected by wave reflections being generated from the beam lateral boundaries.
Moreover, since intermediate frequencies are considered in this type of applications and,
normally, there is no tuning required a priori for the actuation signal, simpler actuation

signals, such as steps and square waves can be applied. The requirements for the
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actuation and data acquisition systems are also not as stringent with lower sample rates

and frequencies. However, significant filtering of sensor signals is usually required.

Acoustic Emissions (AE) have also been researched for a long period of time [46 - 49]
and are being explored for their application to SHM systems [50 - 52]. Their principle
hinges on the fact that when a crack appears and grows in a component, sound waves are
emitted. These are usually generated in the crack tip growth region, due to material
deformation.. When such occurs, bursts of waves of different types are generated,
propagating through the host material with different and undetermined frequencies,
velocities and wavelengths. The different generated waves also present different
amplitudes and propagation amplitude damping characteristics, depending on the wave
type and frequency. Wave types and frequencies being generated with higher amplitudes
and more prone to be detected, depend largely on the defect type, dimensions,
orientation, and growth characteristics. In addition, AE usually present very small
amplitudes and low SNR. Both the undetermined wavelengths and low SNR create
substantial difficulties for the selection of the sensors (their type, dimensions and
positions) which are able to reliably detect these waves and consequently the existence of
damage and its growth. The development of data acquisition systems and the
implementation of data post processing schemes is also a complex task, even more if the
method is intended for a particular frequency. Previous work has been done on achieving
optimum sensor selection, data acquisition and signal processing, for different, specific
types of damage [52]. Regulations for AE testing have been developed [53 - 55], based
on the results of benchmark experiments executed in certain materials. These results can
be used for comparison during inspection. Such comparison allows the determination, or
a better idea of damage existence and size. In those experiments, the AE of certain crack
types, dimensions and growth rates, in certain host materials and parameterised
component geometries, at certain distances from damage location, were matched to the
ones being emitted when impact tools are used. Shapes, material of the impact tool and
impact energy are parameterised. Furthermore, with AE being generated by an impact
tool, , multiple components do not have to be damaged when executing benchmark tests
of an AE system — what would represent a lengthy, complex and costly procedure. AE

systems can be effortlessly embedded into the structure to be monitored. Persistent and
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real time structural condition assessment is then possible by these passive systems. In the
case of the application of piezoelectric sensors, no energy is consumed/necessary to
power the sensors (only needed for data acquisition and signal processing). This is an
important factor when longer endurance systems are being considered with persistent
SHM and limited energy resources. FBG and strain gauge sensors can also be applied for
inspections employing this technique. In AE systems, damage detection is related with
the assessment of sensor signals and the detection of the corresponding crack
appearance/growth generated sound waves. The determination of damage location
involves the application of multiple sensors in different positions on the component and
the implementation of triangulation schemes [52]. In some cases, sensor type and
dimensions are previously selected to tune the system into a certain frequency, i.e.,
optimizing the system for detection of specific wave frequencies. This system will not be
optimized to detect all types of defects. Defects will potentially exist in the component
under inspection, whose appearance or growth will not generate AE in that frequency
with sufficient amplitude to be reliably detected. For the host material properties, wave
propagation velocities are known, so that a triangulation scheme can be applied if AE in a
particular frequency are detected. Such scheme is based on the relative time delays
between the arrival of AE to the different positions of the component under inspection,
where sensors are deployed. When the system is not designed to be tuned to a certain
frequency, filters and/or wavelet signal reconstruction can be applied to search for AE at
different frequencies. After finding AE signals and their corresponding frequencies, again

triangulation algorithms can be implemented.

The main high frequency SHM methods being researched can be regarded as an
evolution of ultrasonic inspections and involve the direct activation and propagation of
sound waves in solids. The application of sound waves for damage detection is based on
their propagation characteristics and particularly on the fact that they are reflected by any
discontinuity in the host material (potentially a defect and then allowing for damage
detection). Similarly to the previously referred high frequency SHM systems, different
wave types can be potentially considered: body waves, specifically longitudinal and/or
shear/transverse; creep; Stonely; Love; Rayleigh waves; or Lamb waves. The main

consideration for their application is the geometry of the component to be inspected.
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Considering their applications in SHM systems, the main decisive aspects are related

with:

- detection capability of defects with smaller dimensions, requiring the application of
waves with smaller wavelength and higher frequencies. The frequency of the waves
to be applied should however be maintained as lows as possible so as not to have

stringent requirements in terms of the actuation and data acquisition systems;
- allowing transducer embedment;

- the intended capability to monitor larger areas of the structure with a single and
simpler system. To achieve the latter, sound waves to be applied must be able to

propagate farther with small amplitude attenuation (small propagation damping).

Besides a highly scattered behaviour, body wave amplitudes are highly damped along
their propagation and this is the reason for their localized application in conventional
NDT&E Sonic-Ultrasonic methods. Lamb waves, however, are able to propagate to
longer distances without showing significant amplitude damping, being ideal for
application in SHM systems. Their small propagation amplitude damping is related to the
fact that Lamb waves propagate in plate like (or low curvature shell) structures with
limited thickness. The two close-by parallel free boundaries (surfaces) decrease
propagation damping. The majority of structural components can in fact be decomposed
into plate like sections. This justifies the fact that they are main candidates to be applied
in SHM methods to replace existing NDT&E [56, 57]. For all these reasons, the research
and development of the SHM system reported in this thesis was based on Lamb wave

propagation.
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Chapter 3

Lamb Waves

In 1885, Lord Rayleigh developed his wave theory [58], based on which Horace Lamb
mathematically proved, in 1917, the existence of a particular type of mechanical, elastic
deformation waves in solids with two parallel and close free boundaries. Such waves
were later named after him — Lamb waves [59]. These waves propagate in thin plate like,
or small curvature shell like components, with two parallel free boundaries. Due to the
low damping imposed by the two parallel free surfaces, Lamb waves are capable of
propagating for longer distances with small amplitude attenuation. In 1960, Mindlin [60]
completed a theoretical analysis of these types of waves. In 1961, Worlton [61] proposed
the use of Lamb waves for damage detection and their potential application for NDT&E

emerged. Frederik and Worlton, in 1962, conducted initial experimental studies [62].

Similarly to ultrasonic NDT&E, pulse-echo or pitch-catch scanning methods can be
applied. Developments in electronics and computation in the last decades enabled the
achievement of the required actuation, data acquisition systems and data post processing

to allow the application of Lamb waves for SHM in reality.

The types of damage that are prone to be detected by this type of inspection were

summarised by Rose [63]. Some of the emphasised advantages of these methods were:
- the fact that structures can be inspected while retaining coating and insulation;

- changing the structural health assessment system position during inspection is not

required for accurate damage detection;

- the exceptional sensitivity to the detection of multiple defects, with high
identification accuracy. The potential of Lamb wave based SHM methodologies to
monitor large metallic aircraft surfaces was given further consideration by Dalton et

al. [64].
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3.1 - Lamb Wave Theory

In order to reliably and accurately apply Lamb waves in SHM, it is of extreme
importance to thoroughly understand a priori their properties and propagation
characteristics. A fundamental characteristic of Lamb waves that must be considered is
their dispersion behaviour, i.e., the relationship between their propagation velocity - both
phase and group velocities — and their frequency. Such relation is depicted by phase and

group Dispersion curves.

Moreover, there are different modes of propagating Lamb waves. In Fig. 3.1 the
stationary patterns of the first symmetric (Sy wave) and anti-symmetric (4, wave) modes
are depicted. Higher order Lamb wave modes can also exist and propagate in the host
material, depending on certain material properties and frequency of excitation. These
higher Lamb wave modes present inflection points in their corresponding deformation
patterns along the thickness of the host material. The mode number, or order, is defined
by the number of existing inflection points. The higher order Lamb waves are identified
either as S, or A, waves, being n the number of inflection points (equal to the mode
number/order). Again, S, or A, respectively represent waves that are symmetrical or anti-
symmetrical, with respect to deformation along the thickness of the host material, with

relation to its mid plan.
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Figure 3.1: Symmetric wave (S)) and anti-symmetric wave (4y) [65].

The Sy wave mode is essentially a longitudinal compression-traction mode, while the
Ay wave mode is a transverse, or bending mode, generating deformation mainly in the

thickness direction, normal to wave propagation.
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3.1.1 - Mathematical Model
The development of the mathematical model describing Lamb wave propagation is
presented next. The intent of such an analytical analysis is to retrieve important
characteristics of Lamb wave propagation. Since Lamb waves only propagate in plate
like structures, a thin plate of thickness 2/, as seen in Fig. 3.2, is considered.

A
Xy

Figure 3.2: Plate element.

Assuming a continuum body with small deformations (or strains), Newton’s second

law can be written as:

2

o,
o, +F =p a;l ,withi,j=1,2,3 (3.1)

where o, ; is the stress tensor divergence, F; and u; are respectively applied body forces

and displacement in the direction x; and p being the density.

The relation between deformations and strains is expressed by:

1
&y :E(u” +u, ;) (3.2)

Assuming that there are no plastic deformations, linear relations between the
components of stress and strain can be considered. For elastic materials, constitutive

equations - the general Hooke’s law - have the form:

o; = Ciéy (3.3)
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where C,,, is the elasticity tensor, being defined for an isotropic medium as:
2
C[jkl :Ké‘ijé‘kl +/u(5ik5jl +5i15jk _§5y5k1) (3.4)

with J; being the Kronecker delta, K the host material Bulk Modulus and x the Shear
Modulus, related to the material Young Modulus (E) and Poisson Coefficient (v) by:

K- E Eu
31-2v) 3Q@Bu-E)

(3.5)

_E
~2(1+v)

H (3.6)

For a homogeneous medium (where material properties are constant and not a function

of position), the material constitutive equation can now be written as:

1
o, =Kd,e, +2u(e, —§§i78,€k) (3.7)

The previous expression can be simplified into:
O-ij = X’Lameé‘ijgkk + 2lugzj (38)

Here, A74me is the Lamé first constant, defined by:

2u v

Lame ~— 1-20

) (3.9)

Substituting strains by displacements according to Eq. 3.2 in Eq. 3.8 and subsequently
substituting the resultant equality in Eq. 3.1, the Rayleigh equation is derived, describing
wave propagation in solids [66]:

o%u,

or*
Following Helmholtz decomposition, Eq. 3.10 can be separated into longitudinal and

H ui,jj +(/1Lame +1Ll) uj,ij +F; :,0 (310)

transverse governing modes, respectively:

o’p ¢ 1 0%
+ =—
o, ox; C, ot

(3.11)

o' 0w 1 oy
+ =—
ox;  ox; C. ot

(3.12)
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C, and Cg are the longitudinal and transverse wave propagation velocities on the

material, given by:

CP:J E(1-0)
p(l+v)1-2v)
c. - &
 \p

Solutions for Egs. 3.11 and 3.12 have the form:
¢ = [4, sin(px, )+ 4, cos(px,)] =)

(k)

Y= [Bl Sin(qxs )+ B, cos(gx;, )] ¢

where:
2
» W 2
=——Fk
P
2
2 @ 2
=——Fk
q C;
P
A

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

A;, A, B; and B, are determined by boundary conditions (including the free parallel

upper and lower surfaces), k, w and A are respectively the wave number, circular

frequency and wavelength.

Displacements in the wave propagation direction and its normal direction, for the plate,

can be defined as:

"oy, ox,

u, =0

_0p oy

oax,  ox

(3.20)

(3.21)

(3.22)
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With stresses being given by:

du, o, g v oy
O, = —_— | = 2 323
= A ( ox, 8x3j a ( oxox, ox’ | ox (3:23)
Ou, Ou Ou o’p 0°¢ o’p 'y
= Lt — 4 2u—2=2, | =+ — [+ 24— ——— 3.24
i Lam{@xl ox, j # ox, L“m@[a Poox} j 'L{ ox;  Ox,0x, (329)

For the plate presented in Fig. 3.2, applicable boundary conditions (plane strain) can be
defined as:

u(x,t): uo(x, t) (3.25)
t,=0o,n, (3.26)
0, =03, =0 for x; =+th (3.27)

After applying the previous boundary conditions with Eqgs. 3.23 and 3.24 and
performing the corresponding derivatives, the resultant equations can be separated in
symmetric and anti-symmetric modes. In the symmetric mode u; is given by a
combination of only cosine functions, i.e., even, or symmetric functions, while on the
anti-symmetric mode it is given by a combination of sine functions (odd functions).
Through Egs. 3.15, 3.16, 3.20 and 3.22, 4,, A2, B; and B,, u; and u; can be determined for
both modes (as A; = B> = 0 in the symmetric mode and 4, = B; = 0 in the anti-symmetric
mode). Using the resultant expressions with Eq. 3.27 and forcing a non trivial solution
(the determinant of the solution matrix must be zero), Lamb waves’ propagation velocity
can then be obtained from the roots of the following equation — Rayleigh-Lamb equation,

for both modes:

tan(qh)

_ 4k*qpy J (3.28)

tan(ph) ((A’Lamek2 + A’Lamepz + Z,Upz sz - q2
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Using Egs. 3.6, 3.9, 3.13, 3.14 and 3.17 to 3.19, the previous equation can be separated

in symmetric and anti-symmetric modes:

tan(gh
tan(ph

(gh) __
)
tan(qh% ( —CI)2 (3.30)

tan( ph

(3.29)

These equations can only be solved numerically.

3.1.2 - Dispersion Curves

Lamb wave phase velocity (C;) is dependent on the frequency (equal to frequency of
excitation). Such relation depends on host material properties (as can be observed from
the previous equations) and thickness (24). For a certain plate thickness and host
material properties, Lamb wave phase velocities can be calculated for different
frequencies and that relation can be illustrated graphically - dispersion curves. The
dispersion curves also confirm the existence of multiple modes, for a given frequency.
With the emitted waves being a complex combination of different modes, with different

velocities, their propagation pattern becomes extremely difficult to evaluate.

Viktorov [67] developed the following methodology to solve Egs. 3.29 and 3.30, with

the objective of obtaining afterwards Lamb wave dispersion curves. First, transverse and

longitudinal velocities, C, and Care calculated by Eqs. 3.13 and 3.14. Afterwards, &,

¢ and d are defined as:

£ :% (3.31)
’ :% (3.32)
chﬁh (3.33)
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Substituting these equalities in Eqgs. 3.29 and 3.30, the dispersion curves can be

calculated by solving the new form of the Rayleigh-Lamb equations, for the symmetrical

and anti-symmetrical modes:

tan( 1-¢° 67))4 szﬁ

tan(ﬁfz -C*d

tan( 1-¢7 67)

}52_412

¢t -1f
¢ -1f

tan( léz_gz 67)_4 gz\/l_gz\/é;z_é/z

(3.34)

(3.35)

Both equations admit several roots, corresponding to several symmetric and anti-

symmetric Lamb wave modes: S,, 4,, S, 4,, etc.

Figure 3.3 depicts the numerically obtained solutions for the above equations, with the

representation of the different symmetric and anti-symmetric modes.
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Figure 3.3: Dispersion curves for an aluminum (Al12024) plate.
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Due to the pattern complexity of Lamb waves, propagating in multiple modes (and

different velocities), and consequent difficulties in the evaluation of such patterns, the

majority of Lamb wave based SHM applications are focused on the first symmetric and

anti-symmetric modes. According to the dispersion curves presented in Fig. 3.3, to avoid

generating Lamb wave modes other the first ones, excitation frequencies should be
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inferior to a certain value. Observing Fig. 3.3, for an Al2024 plate and for a thickness

range of 1 to 3mm, a safe upper limit for excitation frequency would be 500kHz.

Giurgiutiu and Bao [65] present the dispersion curves (for an Al2024 plate, 1.6mm
thick) in terms of absolute values and only for the first symmetric and anti-symmetric
modes (of interest for the implementation of a SHM system) — Fig. 3.4. At low

frequencies ( ' <500kHz) the symmetric Lamb wave velocity approaches the longitudinal
wave velocity (C,), while the anti-symmetric Lamb wave velocity approaches zero. At

high frequencies ( f>2500kHz), the dispersion curves of these modes coalesce,

approaching the transverse wave propagation velocity ( Cy ).
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Figure 3.4: Lamb waves’ phase propagation velocities [65].

It is important to refer that Lamb waves propagate in groups, with the group
propagation velocity being different than the phase propagation velocity. It is then

important to determine the Lamb wave group propagation velocity (C, ), defined by:

2 dC, K
C, = C{CL —( fd)m} (3.36)

To simplify the calculation of C,, it is reasonable to consider the following

approximation:

QU
O

>

O
g

Q

(3.37)
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A numerical method can then be employed to extract group velocities from phase

velocities, for each frequency. The results are then plotted ina C, vs. f* curve — group

dispersion curves, depicted on Fig. 3.5.
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Figure 3.5: Lamb waves’ group propagation velocities [65].

The importance of group velocities lies in the fact that these are the velocities that can
be more accurately and effortlessly measured (as the average velocity of the group of

waves, or the velocity of the mid-point).

A careful analysis of the dispersion curves is extremely important for the successful
implementation of an SHM system. Frequency of the generated Lamb waves must be

selected considering that:

- only the first modes are emitted, not to increase considerably the complexity of
evaluation of the waves propagating pattern (and assessment of corresponding sensed

signals);

- the group and phase velocities should be as close as possible, again to facilitate their
evaluation and not to have a considerable spreading of the propagating group of

waves in space and consequently in sensor signal time;

- the propagation velocities of the first symmetric and anti-symmetric modes should be
as different as possible, so that the interference in between the two modes is
minimized (since they will be propagating in totally different locations at the same
time, or alternatively they will be sensed in different times at the same sensor

location), decreasing the complexity in their evaluation;
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- the variation of the propagation velocity with wave frequency is as small as possible
in the selected frequency range, so that small errors in the generation frequency will
not result in considerable differences of the propagation velocity, compromising the

determination of defect locations;

- as it will be shown, the relation of wave frequency and velocity, and corresponding
wavelength, is important for the selection of transducers, their working frequency
and dimensions (to amplify their actuation and sensitiveness capabilities and not to
implement transducers either incapable of correctly generate the desired waves, or

sense them);

- resulting wavelength is also important if trying to minimize the detectable damage
dimensions, bearing in mind that smaller wavelengths (and hence higher frequencies)

are more prone to interference by smaller damages.

3.2 - State of the Art in Lamb Wave based SHM systems

Developments in electronics and computation enabled the intensive research that has
been performed in the last two decades and is currently being developed in several fields

related to the practical application of this SHM approach, namely:

- Numerical simulations, involving wave generation and propagation models, damage

modelling and simulated damage detection and characterization;

- Factors which affect Lamb wave propagation such as geometric features, structural
reinforcements, boundary conditions, temperature and damage existence, orientation

and morphology;

- Transducer application, including investigation of different transducer types and
dimensions, and their capabilities. In this field, transducer degradation and interface

with host material are also two topics being addressed;

- Lamb wave mode and frequency selection, effects of actuation waveform profile

selection and mode conversion,;

- Implementation techniques through networks and arrays of transducers;
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- Actuation, signal generation and data acquisition capabilities;

- Signal processing, in time and frequency domains, with the development of
Statistical Methods, Neural Networks (NN), application of Fuzzy Logic principles,

signal filters and signal Wavelet reconstruction, etc;
- Damage detection, localization and characterization algorithms.

Much of the work in this area involves more than one of the previously mentioned

subjects, rather than focusing on a single aspect.

Concerning numerical simulations, Lee and Staszewski [68] presented an important
review of the efforts and outcomes regarding numerical simulations of Lamb wave
propagation and Lamb wave based damage identification. The Finite Element Method
(FEM) and particularly spectral elements [69] have been widely used in these research
efforts. Besides dedicated developed simulation code, commercial software packages,
such as ANSYS® and PATRAN/NASTRAN® have been used. Furthermore, some of the
research efforts involve purpose developed finite elements to be embedded in those
commercial packages. Galan and Abascal [70], for instance, reported successful
simulations of wave scattering in laminated plates using boundary elements. Using
spectral finite elements, Ostachowicz [71] presented a method capable of robustly
detecting damages with small dimensions despite artificially introduced measurement

CITors.

Due to high propagation velocities, high frequencies, small amplitudes and damping of
Lamb waves, any minute errors in the measurements might result in a considerable error
in damage detection and location by an SHM system. In the worst case scenario, these
small errors, either introduced by the system itself (generation, acquisition, etc), or by
environmental conditions, might incapacitate such a system — rendering it unable to even
detect damage reflections and therefore damage existence, or completely missing the
location of potential defects. Besides the external pressure, one of the important factors
that might affect Lamb wave propagation is ambient temperature. Studies performed by
Blaise and Chang [72, 73] indicate that Lamb wave amplitudes and propagation
velocities suffer significant changes (of up to 50%) for temperature variations in

cryogenic applications. Konstantinidis et al. [74] performed structural condition
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assessment experiments with the successful detection of a 22mm damage. However, they
concluded that in the long term detection capabilities were significantly decreased,
considering drastic temperature variations in the range of what is to be expected during

aircraft operation.

A straightforward conclusion is that, for an SHM system to be able to assess an aircraft
structural integrity during operation, it will have to account for variations of the
characteristics of Lamb waves propagating in the structure. Namely, in their amplitude
and propagation velocity, with the objective of detecting potential defects. Besides
imposed noise, vibration and stresses/loads in flight, such system would have to consider
the variation of ambient pressure and temperature (and other secondary ambient
characteristics, such as humidity, etc). One method to address this difficulty is to use a
baseline subtraction method. Knowing the environmental conditions in which such
inspection is to be performed, Lamb wave propagation characteristics can be corrected
according to, and compared with the ones previously determined for similar conditions.
Such baseline parameterized conditions must be included as a database for the SHM

system.

However, if an SHM system is designed for almost real time operation, i.e., for ground
on demand tests, the previously referred difficulties do not have to be considered. Here
the deployment of such system is considered to occur, for instance, inside a hangar with
some ambient temperature control, if severe climate/ambient conditions occur.
Alternatively, it can be used in between passenger (and/or cargo) disembarking and
embarking ground operations, in moderate wind and ambient conditions (temperatures) —
removing all applied operation loads and reducing temperature effects. Such inspections
can be performed in normal operation, or whenever it is suspected that the aircraft
structure might have sustained a damage (for instance due to excessive loads or impacts),
or a damage has grown to excessive dimensions (for instance due to accelerated fatigue).
Even if used merely as a near real time inspection system, it presents significant
advantages to what is current practice with conventional NDT&E systems. Increased
safety is achieved by regular and just in time inspections and maintenance; and by more
global inspections. Economically, this is achieved without necessary complicated and

lengthy disassembling and assembling operations, tackling the issues raised by hard to
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access areas - reducing significantly (costs and related) operation downtime (non
operation, grounding time). In this case maintenance and repair of the structure is only
applied if necessary (in these extraordinary events). To prove this capability, some works
refer that for temperatures in the range of 20°C to 40°C do not affect the outcome of
damage detection [75].

The majority of individual components in aerospace structures can be decomposed as
several plate like or shell like parts (with small curvature), which promotes the
application of Lamb wave based SHM methods. However, most of the components also
present structural reinforcements, e.g. stiffeners, either integrated in the component in
composite material parts, or with related rivet lines in metallic structures. One other field
where intensive research is being developed is on the perception of how wave
propagation pattern is altered due to the existence of such reinforcements: generated
wave reflections; if waves are able to travel through such reinforcements; and what is
their effect on wave amplitude attenuation. Zhao et al. [76] conducted several
experiments on a representative reinforced aluminum aircraft panel with stringers, using
the first symmetric Lamb wave mode (Sy). Experiments were conducted, employing eight
PZT transducers’ forming a network distributed in a 0.1m x 0.1m area of the panel, in
between stringers (positions marked as X, for Case 1, in Fig. 3.6). Damages with
dimensions of 3mm were detected. However it was verified that stringers imposed
significant amplitude attenuation to propagating Lamb waves, through energy dissipation,
wave reflection/scattering and mode conversion. This resulted in an inability to detect
damage beyond stringers, with relation to the transducer network location. In order to
study such amplitude damping, a different panel was used, and a PZT array was installed
(positions marked as A, for Case 2, in Fig. 3.6). In this figure the sensed propagating
Lamb waves are also depicted. It is clearly observable the wave amplitude damping

imposed by each of the existing stringers along the wave propagation.
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Figure 3.6: Sy mode amplitude attenuation due to riveted stringers [76].

Monnier [77] tested a composite panel, also with multiple stringers. These experiments
led to the conclusion that in the particular component under testing, the Sy wave mode
was able to travel along the panel, through the stringers positions. In Fig. 3.7 the
composite panel tested and the Sy energy attenuation (related with amplitude attenuation)

along their propagation in the panel, through the stringers positions are presented.



51

Az ] Stiffener

Energy of transmitted signal
(-]

——-

o ——h

0.0 0.1 0.2 0.3 0.4

Panel width dimension

Figure 3.7: Sy wave mode energy attenuation [77].

The existence of potential damages in the component being inspected, and their
characteristics, such as their dimensions, type, orientation, distance to applied transducers
and emitted wave reflections, influence Lamb waves’ propagation pattern. The degree of
changes in such pattern due to damage existence, and consequently damage detectability,
significantly depends on the referred damage characteristics. Lu et al. [78] performed
numerical simulations and experimental studies to determine the influence of imposed
cracks’ orientation on their generated reflected waves. Several sensors were bonded to
the structure, around imposed 20mm and 40mm cracks. The main conclusion of this work
is that damage generated wave reflections’ amplitudes decrease and through wave
transmission amplitude increase as the incident wave propagation direction is aligned
with the length of the crack. Also, as the direction of the incident wave propagation is
aligned with the crack’s length, the number of reflections increases. Furthermore, when a
crack’s length increases, the acquired amplitude of damage generated reflection waves
also increases, while the transmitted energy decreases. These results are in agreement

with empirical expectations.

Jin et al. [79] used the first anti-symmetric Lamb wave mode (4y) to inspect plates with
cracks, with a length of around 50mm. In this study Inter-Digital Transducers (IDT) were
applied. It was found that for this case, only the deployment of IDTs in particular

positions allowed a correct assessment of crack location, size and shape — Fig. 3.8.
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Figure 3.8: IDT damage interrogation example [79].

Several functional materials have been studied, developed and applied to transducers,
for Lamb wave generation and sensing. From these, PZT transducers have been widely
applied [80]. PZT transducers have the capability to translate mechanical deformations
into electrical outputs and vice-versa (piezoelectricity), or respectively direct and reverse
piezoelectric effect. One PZT transducer can then be used as an actuator and as a sensor,
at different times. PZT transducers can be easily integrated into the structures to inspect,
for instance by surface bonding. They can be used in a wide frequency bandwidth, are
lightweight and do not require external power when used as sensors. Furthermore, they
can be manufactured in almost every shape and size. The fact that PZT transducers
provide both actuation and sensing capabilities has justified their systematic application
in SHM systems [81, 82]. Size, shape, constitutive material and location must be selected
in order to achieve optimum transducer performance [83]. Numerical simulations of the
application of PZT transducers to SHM, along with experiments, have been performed by
Nieuwenhuis et al. [84]. Giurgiutiu [85] also dedicated a great part of his research to this
aspect. In particular, the relationship between PZT transducer dimensions and their
actuation and sensing performances was studied. The amplitude of generated Lamb
waves with a wavelength double of the PZT transducer planar dimension was enhanced.
A relation in between optimum PZT transducers’ dimensions, Lamb wave mode applied,

its wavelength and actuation frequency can then be determined.

Particular developments on PZT transducers, involving directionality of actuation and

sensing, and embedment of PZT films have also been investigated. Quek et al. [86]
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established a performance comparison between these and conventional PZT transducers
for damage location in aluminum plates. Both transducer types were able to detect cracks
with 3mm of length, using the 4) mode. The directionality of these transducers proved to
be an advantage for the location of potential defects along their preferred direction, in
detriment of all other locations. However, by application of particular networks with the

transducers oriented along specific directions, such disadvantages could be diminished.

The application of optical fiber based transducers, for Lamb wave detection, has also
been investigated with still preliminary, but promising results. Fiber optic based
transducers can only be applied as sensors, so that they present a disadvantage with
relation to PZT transducers in the sense that they are not capable of Lamb wave
actuation. Another main disadvantage of this type of sensors is that they are also able to
measure temperature, i.e., their deformation measurements corresponding signal output is

highly affected by temperature changes [87].

Fiber optic sensors measure deformation directly, either statically or dynamically,
enabling the subsequent determination of strains and stresses. PZT transducers, however,
are only capable of measuring deformation dynamically, i.e., they are not able to directly
sense absolute static deformations. Moreover, their impedance (electro mechanical

capacitance and resistance) changes with frequency.

Until recently, the majority of applications of fibre optic sensors involved static or low
frequency/vibration measurements [88]. Applications involving dynamic deformation
acquisition at high frequencies, essential for Lamb wave based SHM, are presently being
developed with the introduction of Fibre Bragg Gratings (FBGs). These sensors are based
on the crystallization of multiple planar fibre cross sections along the fibre direction
(gratings), according to a pre-determined spacing. The crystallization of such cross
sections is achieved through the application of UV light through a mask. The crystallized
planar cross sections reflect part of the light being transmitted through the fibre. Since
these crystallized cross sections are spaced according to pre defined relative distances,
the reflected light from, and transmitted light through these cross sections interfere. The
resulting reflected light is then centered on a specific wavelength, which is reduced in the

spectrum of the transmitted light. This wavelength is proportional to the spacing in
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between the consecutive crystallized cross sections in the FBG sensors, according to

Bragg’s law:

A =2nA (3.38)

light
Here, Ajgn: 1s the reflected light wavelength, or Bragg wavelength, n is the effective
refractive index of the grating in the fibre core and A the distance/spacing in between

consecutive crystallized cross section planes, or grating period.

The principle to sense deformation with FBGs is that the grating period and
consequently the Bragg wavelength will change when deformation is applied to the

SE€NSor.

FBG sensors, being based on optical fibers, are extremely lightweight, what is a
significant advantage for their application in aircraft. They are thin and above all, can be
either bonded to the surface of the structure to inspect (either in metallic or composite
structures), or embedded in the structure when composite components are considered,
during their manufacture. Furthermore, these sensors are immune to Electro Magnetic
Interference (EMI) and do not require recalibration during their service life (as for
instance strain gauges do). They are, however, extremely fragile, requiring a careful
application. Also, their sensitiveness to temperature requires that deformation
measurements must be compensated. Another shortcoming of this type of sensors is their
sensing directionality (similar to strain gauges), being sensitive to deformation along the

fiber direction and much less sensitive to deformations applied perpendicularly to them.

Nonetheless, Betz et al. [89] performed damage location experiments using FBGs. An
initial and very preliminary, and far from optimized, FBG filter and data acquisition
systems were implemented — Fig. 3.9. By using rosettes, the incoming deformation waves
could be sensed, independently of their propagation direction. Furthermore, such
direction could be determined by the comparison of measured wave amplitudes in the
sensed signals by the different FBGs in the rosette. The implemented SHM system was
able to detect damages with dimensions as small as 12mm (through the thickness circular
holes were imposed to simulate damage). Hongo et al. [90] and Frieden et al. [91] also
reported experiments with high speed interrogation techniques, involving other filter

configurations. Majumder et al. [92] presented a review of the applications of FBGs for
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SHM, including Lamb wave based systems. Takeda et al. [93], Lam et al. [94] and Li et

al. [95] applied some of these techniques for Lamb wave detection and SHM, with

preliminary, but promising results.
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Figure 3.9: FBG system for Lamb wave based SHM [89].

Other promising transducers have been studied and developed for application in SHM
systems, as for instance magnetostrictive sensors [96]. Research on the application of
Micro Electro-Mechanical Systems (MEMS) with embedded transducers has also been
reported [97, 98].

Research has also been performed to assess the optimum application of the different
Lamb wave modes for damage assessment. It has been reported the proneness of the
application of the Sy mode to detect internal defects [99, 100], such as delaminations in
composite material components, while the application of the 4, wave proved to be more
sensitive to surface damages. It must be referred, however, that both modes were
sensitive to any type of damage. With relation to the second symmetric Lamb wave mode

(S1), Rose et al. [101] determined that while the application of the S), mode is more
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adequate for internal damage detection, the S; mode was applied for surface damage
detection more successfully. Su and Ye [102], by studying different sensor arrangements,
confirmed that careful frequency selection can lead to better mode separation.
Furthermore, when comparing 4, with Sy mode, it was verified that the latter mode
presents also lower propagation amplitude attenuation than the first, with obvious
advantages for their application to SHM. To refer that the excitation of either Sy or 4y
modes can be enhanced by applying two actuators in the same planar position, on
opposite surfaces of the component under inspection. By actuating them in phase the Sy
mode is enhanced with relation to 49 mode, while if actuated in opposite phase, the 4,
mode is enhanced with relation to the Sy mode. The tuning of the SHM system can also
be performed to enhance Sy, or 49 mode, based on frequency of excitation, corresponding
wavelength and actuator dimensions. The best choice of actuation frequency is such that
the actuator dimension selected corresponds to half of the wavelength of the wave mode

to be enhanced and to a multiple of the wavelength of the mode to be attenuated.

Other studies are centered on the most adequate generation signal waveform for
actuation of the desired Lamb wave mode. Through the observation of Lamb waves’
dispersion curves, it is clear that if an actuation is applied, such that it is not centered as
much as possible around a single frequency, multiple groups of Lamb waves with
different frequencies will be generated and will propagate with different velocities. If
attention is not dedicated to achieve correct signal generation, the wave propagation
pattern can become so complex (with corresponding complexity in sensors’ signals) that
might compromise its correct assessment. Wilcox et al. [103] performed intensive
research on this topic. Furthermore, the applied sensors and acquisition systems must be

compatible with such signal generation and corresponding emitted waves.

Two main strategies for transducer positioning are presently being researched, namely,
transducers’ networks and arrays. Both strategies attempt to reduce the number of
transducers to a minimum and maximize sensitivity and reliability on the detection of
smaller and different types of damage, while increasing the inspected area covered by the
SHM system. Important aspects in the implementation of these different strategies are

transducers’ types and dimensions to be applied, and relative positions and distances.
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Furthermore, for damage location, triangulation algorithms are usually applied, requiring

at least three sensors in three different positions.

There are various studies reported in the literature dedicated to optimization of
transducers’ networks, such as the research developed by Chakrabarty et al. [104]. The
main objective of that study was to minimize a cost function which included coverage
area and system cost. Staszewski and Worden [105] also studied the optimization of a
transducers’ network, seeking the best positions and number of sensors for a direct wave

analysis damage assessment.

The phased array approach consists on applying a certain number of transducers, which
may be aligned in various configurations, depending on the application (in linear, round,
cross, star, diamond fashions, etc). By sequential activation, with a predetermined time
delay introduced in between actuation of neighbouring transducers, beam forming is
possible through constructive interference of the different propagating Lamb waves,
generated by individual actuators. Through the variation of such time delay, the wave
front can be emitted according to different predefined directions (steered). The time
delays for a certain desired direction are determined knowing the wave propagation
velocity of interest. Another possibility is to focus the wave front in a certain point (or
region around a pre-determined point). For instance, in a damage detection scheme
applying a phased array, first a scan is executed in a certain direction (with the wave front
emitted and propagating in that direction). If the detection of a possible damage reflection
occurs and it is suspected that damage exists in a certain direction, damage location is
calculated (through Time of Flight of reflected wave). Afterwards, the wave front can be
focused in that point, increasing even more the amplitude of incident beam and
consequently of damage reflection. Such can be achieved by performing a single scan,

introducing different time delays in between the actuation of consecutive transducers.

Similarly, the phased array principle can be applied to sensing, i.e., wave sensing and
potential damage generated reflections sensing capabilities can be focused into a certain
direction. This can be achieved by gathering the sensed signals from the different
transducers after the execution of a scan (with an actuation either introduced by the

phased array, or by any single actuator) and shifting neighbouring sensor signals by a
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certain time delay. This time delay is equal to the difference in times at which an
incoming wave from the selected direction would reach two consecutive transducers in
the array. With this procedure, the reflection from a potential damage existing in that
particular direction will appear in all sensor signals at the same time. Afterwards, the
different shifted sensor signals are added, so that the potential damage reflection in the
scanned direction will be enhanced with relation to the remaining sensor signal.
Particularly, the detected reflection will be enhanced with relation to noise and other
reflections, for instance from other damages in other directions, or boundaries. This is
equivalent to assume a potential damage reflection as a beam, travelling through the
different sensors. This approximation potentially enhances damage detection capabilities,
since the resultant augmented reflected wave corresponding signal is prone to be
detected. However, errors are introduced in the determination of damage location by
assuming that the reflected wave is rectilinear (as a beam) and not curved as it is in
reality. These errors are smaller if damage is distant from the phased array, since the
damage reflected wave segment passing by the phased array will be more approximately

rectilinear.

The first advantage of a phased array actuation, with relation to a transducer network
configuration, is the amplification of the original mechanical deformation wave actuation.
Such actuation enhancement is not based on electric or electronic amplification, which
can be, however, optionally implemented. Usually electric, or electronic amplification
also introduces additional noise in actuation and consequently in wave pattern frequency
and propagation velocities, and subsequent sensing (possibly generating unwanted
waves). Through amplification of actuated wave front, potential damage reflections will
consequently present increased amplitude and then will be more prone to be detected.
Detectable damage size might also be reduced. Even more importantly, the difficulties
created due to damping of propagating waves, particularly when structural

reinforcements exist, can be diminished.

A second advantage is the capability of scanning the component in all directions,
through the execution of several scans in different directions, with the introduction of
different time delays. With relation to transducer networks, phased arrays present the

advantage of being capable to steer the generated wave front, i.e., to emit the enhanced
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actuation in a determined direction, focusing inspection effort into a certain

predetermined area.

One disadvantage of phased arrays is that the activated wave front originates always
from the same point, or region, in the component under inspection. With the application
of transducers’ networks, in different scans, different transducers in different positions
can be actuated. In the phased array approach, since the generated wave origin is always
in the same location, the incident wave with relation to a potential damage will always
come from the same direction and side, what is not true for transducers’ networks. As a
result, damages that present a detectable dimension at least in one direction, even if their
dimensions in other directions are considerably small, are prone to be detected with a
network. Such might not be true for phased arrays. A damage that presents a small
dimension perpendicular to a radial direction with relation to the phased array,
(considering the origin as the phased array position), might not be detected - even if it has
considerable and detectable dimensions along that radial direction. This disadvantage is
however diminished by the increased amplitudes introduced by the phased array, either in
actuation and generated wave front, or in the resulting damage reflection corresponding

sensed signal.

The principle applied to phased arrays is similar to what is applied in static radar
arrays, medical imaging ultrasounds and conventional NDT&E ultrasonic inspection
phased array systems [30]. The difficulty in the application of phased arrays to SHM,
involving Lamb waves and their generation, is mainly related with the required phased
actuation system. Due to the high propagation velocities of Lamb waves, such system
must be capable of reliably and accurately introduce diminutive time delays involved in
the phased array approach. Simultaneously, all the requirements related to Lamb wave
generation must be considered. Particularly more complex generation signals are
involved with required significant amplitude, time and specifically frequency definition.
Such accuracy is even more important when the fast propagating Sy wave is selected as
the mode of interest to be activated by the phased array and to base the damage detection
system on. For these reasons, the development of automated and dedicated phased array

actuation systems, for Sy Lamb wavefront emission, is not reported in literature.
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Actuation systems for the applications referred in the beginning of the previous
paragraph rely in their majority in the generation of bulk pulses or pulse trains. In the
specific case of conventional NDT&E ultrasonic inspections, based on phased array
systems involving high frequencies, such actuation waveforms degenerate in the
actuation of the scattered bulk body waves. Application of a phased array reduces the
difficulties created by such scattering, by promoting a wave front with relevant
amplitude, propagating into a determined direction of inspection, i.e., focusing the
inspection efforts into a determined region. Even though, those systems are only capable
of localized damage detection and particularly through the thickness of the structure to be
inspected (due to significant wave scattering, poor definition and propagation amplitude

damping).

A phased array actuation system cannot be based, at least uniquely, in simple
multiplexing techniques involving a single channel signal generation input and multiple
outputs - one for each actuator. With such approach, the application of minimal time
delays - corresponding to the generation of a wave front propagating in directions
approaching the perpendicular to the phased array — would not be possible. The reason is
that with such small delays, although phased, actuation will occur in different transducers
at a certain time. To consider multiplexing, delay or repeater circuits must be employed
in each channel output, for each actuator, usually at the cost of loosing signal definition.
Not to consider multiplexing, a dedicated signal generation and actuation circuit must be
developed and applied to each actuator. A precise master circuit must then be

implemented to control time delays and the activation of each slave actuator circuit.

The application of multiple actuation circuits results in complex and costly systems.
Currently, there are reported efforts in research, development and application of this type
of systems for both conventional NDT&E ultrasonic inspection using phased arrays and
SHM systems [29, 106, 107]. Accellent [106] developed a similar system that is now
commercially available. However, besides an elevated cost, it does not allow a simple
selection of generation signal waveform. At the same time, this system requires the
application of a considerable number of transducers to achieve reliable damage detection.
Furthermore, minimum damage detectable dimensions are in the order of centimetres.

There are also reported efforts to adapt originally National Instruments [107] developed



61
boards for signal generation in multiple channels. During the research reported in this

thesis, that system was also investigated. It was verified that the synchronizing time
accuracy of the master system, necessary to apply the required precise time delays, was

insufficient.

Due to the difficulties related to actuation of phased array Lamb wave based SHM
systems, the majority of reported research involves uniquely the referred phased array
principles in sensing. Bao [108] and Purekar [109] studied this approach applied to linear
arrays. Bao [108] by means of simulation and experimental work, successfully detected

and located a 19mm crack introduced in a 2mm thick A12024 plate — Fig. 3.10.

More recently Pena et al. [110] and Malinowski et al. [111] reported the successful
application of SHM Lamb wave based phased arrays for damage detection. These
systems included also dedicated actuation systems developed by the authors. To decrease
the complexity of such actuation systems, the authors selected to base the system and

damage detection algorithm on the slower 4, Lamb wave mode.
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Figure 3.10: Implementation, wavefront steering and resulting damage scan image, from
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Salas and Cesnik [112] developed a new concept of PZT transducer fabrication meant
to produce similar results as a phased array - CLoVER. In this particular case, one probe
contains eight independent transducers, each one responsible for enquiring a determined
azimuth — Fig. 3.11. Analytical studies and experimental damage detection scans, with
the introduction of simulated damages, were performed successfully. Main advantages
reported for the CLoVER were: its flexibility and conformability to curved shapes; its
capability of generating multiple modes; and possibility of independent sensor/actuator

function for each one of its individual transducers.
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Figure 3.11: CLoVER transducer [112].

With relation to signal processing techniques, directly from sensors’ signals, in
amplitude vs. time, it is possible to extract corresponding wave modes’ signals, their
boundaries’ reflections, Time of Flight and consequently propagation velocities. To
improve accuracy on sensor data assessment, reducing noise influence, data post
processing techniques must be applied. For instance, Bao [108] used the signal Root-
Mean-Square (RMS) and energy densities by Hilbert transform with such objective.
However, usually further data processing techniques must be applied to achieve an
accurate damage detection based on the comparison between a baseline (corresponding
reference or undamaged state signal) and the current, or damaged state signal. Usually,
normalization and data shifting in time (tuning/aligning time origins) are necessary to
synchronize both responses. Michaels and Michaels [113] used both normalization and
data shifting during a damage detection experiment on an aluminum plate with a bonded
transducer network of 4 elements. Using this approach and with damages introduced near

sensors, 6.4mm holes, were successfully detected.



63

Time reversal is also used for damage location. The implementation of this technique
does not require the previous knowledge of a baseline response for future comparison
with inspection scan responses. However, the propagation velocity of the waves (and
wave mode) of interest, to be employed in the algorithm, must be known. Time reversal
is particularly interesting for passive sensing applications, i.e., when an actuation is not
required. For instance time reversal can be applied in the implementation of Acoustic
Emission detection methods [114]. Sohn et al. [115] also applied this method successfully
for delamination detection on a composite panel, with a combined transducer actuation.
On the delaminated plate, the sensed signals mismatched the original signals created by
the actuator — Fig. 3.12. This approach was focused in assessing that feature, only for
waves propagating in the direct path established between sensor and actuator. With this
limitation, time reversal signal processing techniques became feasible only when
relatively high density transducer networks were applied or in 1D specimens. Still, very

small damages could be detected.
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Figure 3.12: Time Reversal example [115].

Xu and Giurgiutiu [116] dedicated part of their research to assess the effects of mode
selection, i.e., actuation wave tuning, on the application of time reversal post processing
techniques. They concluded that system tuning for actuation (and posterior sensing) of a

single wave mode is essential to enhance the method reliability.

Post processing techniques commonly considered for Lamb wave based SHM derived
data include Fourier Transforms (FT), Fast Fourier Transforms (FFT) and two-

dimensional FFT (2D-FFT). These techniques allow for posterior signal filtering, signal
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reconstruction, noise reduction and ultimately to focus damage detection algorithms in
the frequency of interest (of actuation). This last aspect is particularly interesting if care
is not dedicated to achieve an accurate and efficient actuation, centered in a single
frequency, with the consequent generation of multiple groups of waves with different
frequencies and propagation velocities. In that case, these techniques enable the selection
of the waves (frequencies) to be considered in the SHM inspection system. Interesting
experimental results were attained by Gomez-Ullate et al. [117] using 2D-FFTs on data
collected using a vibrometer. Gao et al. [118] performed similar experiments, with the
implementation of referred techniques, using now laser actuation and sensing, on a
copper plate. Based on identified waves and corresponding modes and properties — Fig.

3.13 -, the plate’s mechanical properties were calculated.
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Figure 3.13: Lamb wave modes detected by Laser sensing and application of FFTs [118].

Joint time and frequency domain analysis can also be applied to sensor signals, for data
post processing. These methods conjugate both phase and frequency variations along the
time response. For such analysis, sensor signals (amplitude vs. time) are divided into
different time segments. In a specific time range, the signal is then decomposed into
several amplitude and phase components, for different frequencies. These methods
promote a more accurate signal assessment in the time segments of interest, by either
noise reduction, and/or allowing to assess uniquely one or more specific frequencies of
interest. Two interesting techniques included in this particular type of data post
processing are Short Time Fourier Transform (STFT) and Wavelet Transform (WT).

Paget et al. [119] executed experimental impact tests on a composite panel, with the
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application of Wavelet Transforms to decompose sensor data. Relative WT coefficients
changed accordingly from a healthy condition to three different conditions of increasing
levels of impact energy. This approach provided significant information for damage

assessment.

In order to assess damage severity, damage indexes are also usually applied. Damage
indexes are established from the comparison of certain features, extracted from sensor
signals. One interesting damage index, usually established, is based on Distance to
Amplitude Correlation (DAC) of the propagating waves, similarly to what is used in
conventional NDT&E ultrasonic inspections. DACs are established based on propagation
wave amplitude damping. This can also contribute for the determination of the distance in
between sensors and damage. Damage indexes are based on the correspondence between
damage generated reflections’ amplitude and projected damage dimensions in a
perpendicular direction to wave propagation, promoting the determination of damage
severity. Basically, after damage detection and determination of damage location, and
distance between damage and sensor, DACs can be applied to obtain damage reflection
amplitude, at damage position, from the sensed reflections amplitude. Based on the
corrected sensed reflections amplitude, through DACs, damage indexes can be
established. Examples of the application of this feature are given by applying it to signal
amplitude in time domain [120], to RMS magnitude in the time domain [121], or in

frequency domain [77] and combined domains [122].

After signal acquisition and data post processing, qualitative and/or quantitative
characteristic features related to damage existence can be extracted. Depending on
transducers’ disposition (networks or arrays) and on extracted features, different

algorithms for damage location can be applied.

The application of Neural Networks (NN) [123] has also been and is still being actively
investigated for fast and accurate data post processing in Lamb wave based SHM
systems, with promising results. The implementation of Neural Networks is based on the
consideration of different features of sensors’ signals and optionally on the different
sensors themselves. Neural Networks are based on multiple, individual decision making

neurons which must be trained before to achieve a correct decision output. This is in fact
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the main disadvantage of this technique: it is not readily available. Long learning periods
and complex training are required. This technique can learn based on previous results
obtained from the system (and structure, geometry, material, etc) to which is going to be
applied. Such results might be obtained either experimentally or through system
simulations. Considering damage detection systems, it is not time wise and cost wise
practical the execution of multiple experiments, considering multiple damage types,
positions, orientations, etc. For instance, if it is desirable to test one component with a
single damage, varying that damage dimensions, or orientation, numerous test
components would have to be damaged, one for each experiment to perform. The obvious
solution is that NN must learn from simulation results. This justifies the development of
numerical simulations discussed before. However, simulations are still not perfect and do
not absolutely match reality. Difficulties in damage simulation, wave propagation pattern

simulation, etc, still exist.

When transducers’ networks are considered, there are two possible approaches for
damage detection: pitch-catch, and pulse-echo. Pitch-catch is based on the detection of
the scattered wave caused by damage existence in the direct path between an actuator and
sensor pair. A relative high number of sensors is frequently needed in this case. The
simplest approach implies creating a sufficient dense grid, established by numerous direct
paths established between every transducer pair available. Thn and Chang [124] tested
successfully this principle on an Airbus aircraft panel — Fig. 3.14. Using two strips with
eighteen PZT transducers each, damage indexes based on sensed wave energy were
calculated. Cracks with dimensions as small as 4mm were detected, with damage length

being linearly proportional to established damage indexes.

The application of time reversal techniques is also adequate for pitch-catch
implementations. The intersection of at least two direct concurrent paths established by
different pairs of transducers, whose reversibility failed, indicates damage location. The
relationship between reversibility magnitudes detected can contribute to the

determination of damage dimensions.
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Figure 3.14: Pitch-catch test example [124].

Pulse-echo techniques rely on the fact that activated wave echoes produced by a
damage can be captured by sensors in the network. This is an active approach requiring
actuation and activation of waves. It totally depends on successful and reliable detection
and assessment of potential damage reflected waves in corresponding sensed signals. A
smaller number of sensors are required, in comparison with the previous approach.
Disadvantages of this technique are also related to the smaller number of sensors
employed and the possibility of active waves having to travel through longer distances
with considerable amplitude attenuation to reach those sensors. If that occurs, the
method will present inferior detectability and will be more prone to noise interference,
with consequent information loss. Raghavan and Cesnik [125] performed tests for
damage location using a transducer network — Fig. 3.15. Holes with diameters as small as

Smm were successfully detected and located applying the pulse-echo technique.
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Figure 3.15: Network experiment setup [125].

During this study, temperature influence on the system was also analysed and the main

conclusion states that both PZT transducers performance and bonding material can be

affected. Basically small offset variations occur in sensor signals, in a temperature range

of 20°C to 80°C. However, for higher temperatures (80°C to 130°C), activated wave peak

amplitude is also significantly decreased. Furthermore, variations of host material Young

modulus and wave phase velocities were also assessed — Fig. 3.16.
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Figure 3.16: Host material Young modulus and wave phase velocity variations with

temperature [125].

For both pitch-catch and pulse-echo approaches, waves’ Time of Flight (ToF) is

frequently used to determine potential defects’ location, knowing the wave propagation

velocity of interest. ToF consists in the time interval between the successful detection of
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a (potential damage generated) wave reflection, in the corresponding sensor signal, and
actuation, i.e., the propagation time of the original activated wave plus the propagation
time of a (potential damage) wave reflection. For an accurate determination of a potential
damage location, this time must be precisely established. For the particular case of pulse-

echo, the application of at least three sensors enables the use of triangulation schemes.

Another available method is named migration technique. This approach does not
require a baseline for comparison and is based on a geophysical method to detect seismic
epicentres, in use for the last fifty years. Some research efforts have been dedicated to
explore the viability of application of such method in Lamb wave based SHM. Wang and
Yuang [126] studied its implementation to the inspection of a quasi-isotropic composite
panel with two distinct delaminations. The active wave propagation pattern was
calculated by time reversal of the sensed response in several time steps. Such resulted in
the development of a step by step visualization technique — Fig. 3.17. On this particular
case, the two 0.Im x 0.Im delaminations were successfully identified. Here, existing

damages were treated as wave sources, according to Huygens’ Principle.
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Figure 3.17: Migration techniques [126].

For phased arrays the pulse-echo technique is commonly applied. The main difference,
with relation to the application of pulse-echo techniques with transducers networks, is
based on the fact that the damage location azimuth is pre-determined by the phased array
wave front steering. Thus, if the echo ToF is obtained for a determined scanned azimuth,

knowing the wave propagation velocity of interest, damage location can be found.
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Different phased array arrangements are currently being studied. Malinowski et al.
[111] conducted a numerical study, with the use of spectral elements, to assess a star
shaped array performance on damage detection, with encouraging results — Fig. 3.18.
This shape is being considered as an attempt to overcome the difficulties related with
application of linear phased arrays. Interference between transducers and generated
waves from neighbouring transducers (or in the sensing mode, from transducers to the
damage generated reflection wave), results in wave front amplitude damping when the
wave front is steered along the linear phased array direction. Smaller wave front
amplitudes result in smaller potential damage wave reflection amplitudes, more prone to
noise influence and more difficult to detect in sensor signals - and then in a decreased
damage detectability. The advantage of phased array inspections is compromised in those
directions. Furthermore, linear arrays, if placed in the middle of a panel, generate two
wave fronts propagating in opposite directions, such that if a damage reflection is

detected there will be two possible damage positions.
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Figure 3.18: Star shaped array [111].

Finally, Yu et al. [127] summarized analytical and experimental work using PZT
transducers for damage location in thin walled structures, both in isotropic and
orthotropic (composites) host mediums. Results show that available techniques (networks
and phased arrays) using different approaches (pulse-echo, pitch-catch and time reversal)
are suitable for damage detection. Influence of operational and environmental
characteristics variations and bonding materials reliability were also addressed. One of

the conclusions is the required improvement in reliability of PZT transducers bonding.
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Finally, the advantages of having transducers equipped with processing wireless units

were also pointed.

Research efforts have been reported in 2010, related to the development of Lamb wave
based SHM systems [128, 129], visualization algorithms [130] and specifically frequency

tuning [131], in between others.

3.3 - Contributions

From the presented literature review it is understandable that most of independently
developed research efforts are focused on a single, or on few aspects of the all complexity
of this problematic — development and application of Lamb wave based SHM systems for
reliable and accurate damage detection. On their majority, these research efforts are not
focused in the broad integration of the different knowledge and aspects reported into a
single SHM system. These are based on that such a SHM system is not yet mature
enough to be adequate for a reliable practical application; so that most of research efforts

can be seen as extremely important contributions to achieve such future integration.

A great part of the reported research is based on laboratory experimentation, with the
inclusion of simplified boundary conditions, application of considerable number of
sensors with near simulated damages and with the use of not fully automated actuation,
or data acquisition and post processing systems. Just a small number of reported research
efforts and system development is applied to and tested in real applications, or at least

more close to reality.

Furthermore, to be competitive and then to be considered for replacement of current
NDT&E methods applied to aircraft structures in operation, a SHM system must be
capable to reliably detect defects with smaller dimensions. The term reliably meaning
that a SHM system must be able to detect repeatedly damages with dimensions in the
range of 0.5mm and with great confidence damages with dimensions of lmm. Reported
minimum detectable damage dimensions, across the literature, with no reliability

considerations involved, are of the order of 3mm.
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With relation to phased arrays, there are no reports on the development of dedicated
automatic (low cost) systems for Lamb wave based SHM, involving accurate generation
and application of fast propagating Sy wave fronts. Previously several characteristics of
the application of the Sy mode, in comparison to the application of the 49 mode, were
referred. The former presents smaller propagation amplitude damping, while the latter
presents a smaller wavelength (for the same frequency), being theoretically more prone to
detect smaller damages. However, the deformation pattern imposed by the 4p mode (as a
transverse or bending wave) results in lesser interference with damages and consequent

more difficult damage detection, particularly when interior damages are considered.

Nonetheless, the high propagation velocity of the Sy wave mode introduces difficulties
and related complexity in actuation and sensing systems. Accurate time definition is
required to achieve correct actuation and implementation of damage detection and
localization algorithms. Furthermore, when phased arrays are considered, accurate time
definition is necessary to set precisely the small time delays in between actuation of
consecutive transducers in the array, to correctly generate a wave front. However, one of
the advantages of using Sy Lamb wave mode, in detriment of 4y mode, lies exactly in its
high propagation velocity, being less prone to interference from the slower 4 mode and
its reflections. Oppositely, the slower propagating 49 wave mode always appears after the
Sy mode, with the wave pattern of the former being prone to interference by the later, in
particular by Sy reflections, either damage or boundary originated. For these reasons, it
was decided to develop the phased array SHM system based on the application of the Sy

Lamb wave mode.

The present work aim for the research, development and application of a SHM system
considering in its design several different aspects reported in literature. For instance, the
combined application of multiple data post processing techniques in a parallel fashion.
Such enables superposition of results to enhance damage detection capabilities and

reliability.

The objective of this research is to obtain a final, relatively simple and low cost system,
capable for a near future reliable application in real aircraft structural components. It is,

in fact, planned the application and testing of the developed system in real aircraft, in
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operation, in the near future. The final system should be competitive for replacement of
conventional NDT&E. Furthermore, such system will aim to be capable of detecting
smaller damages in components with any boundary conditions, using a minimized
number of sensors and with a wide inspection area coverage. The developed system will
include phased arrays with a dedicated automatic system for the activation and use of Sy

wavefronts for accurate damage detection.
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Chapter 4

Development of a Phased Array Actuation System

Previously, research was developed and experiments were performed with the
implementation of a PZT network for SHM, applied to aluminum and composite material
panels [4]. During that study it was verified the small amplitude of generated and
consequently (boundaries and damages) reflected Lamb waves. Particularly, damage
generated wave reflections were of extremely small amplitude and then prone to noise
interference and more difficult to detect (in corresponding sensor signals). Aggravating
this fact, damage reflection wave amplitude decrease considerably when smaller damages
are considered, introducing paramount difficulties when trying to decrease the detectable

minimum damage dimensions.

Such is related with the single actuation that occurs in a transducer network. A possible
way to increase the amplitude of emitted waves would be the use of actuation signal
amplification, with the use of amplifiers. This solution introduces, however, two main
difficulties: inclusion and amplification of noise with relatively small improvements in
SNR; and the fact that the actuation signal applied in the referred experiments (in the
range of £18V, permitted by the maximum output swing of the used signal generator)
was already close to the maximum voltage and charge permitted by the PZT transducers
used - previous experiments resulted in the depolarization and damage of the small

transducers used, when the actuation signal was amplified to a range of £21V.

The solution to increase amplitude levels of actuation and reflection waves
(specifically of damage, when smaller sizes have to be considered in order to reduce
detectable damage dimensions) was then to use multiple actuation. The objective is then
to promote constructive interference in predetermined positions of the plate, between the
waves excited by several single actuators (beam forming, or generation of a wavefront).

Since actuators will have to be in different positions on the panels, a phased actuation is
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necessary. The phased actuation implies that small time delays will be introduced in
between the actuation of neighbouring transducers. The time delays to introduce are
related with the (relative) positions at which transducers are applied on the plate
(configuration of the array); distance in between them (considering a linear array, its
pitch); the propagation velocity of waves to excite; and the propagation direction of the
generated wavefront. By varying the time delays, the wavefront propagation direction can
be modified (steered). Inspection can then be focused into predetermined regions of the
component, while by modifying time delays in between different scans, the component

can be entirely inspected.

In the PZT network experiments, a National Instruments (NI) PXI-5421, 100MS/s
Arbitrary Waveform Generator, with 16 Bit resolution, 8MB of internal memory and a
single output actuation channel was used for signal generation and actuation. Due to the
high propagation velocities of Lamb waves to excite, in order to achieve successful
constructive interference, time delays to be introduced will be extremely small. Such
means that even when phased actuation is considered, at certain times multiple
transducers will be actuating simultaneously. The implication of this fact is that a single
actuation channel simply demultiplexed cannot be applied. Delay circuits would then
have to be considered, with the introduction of noise and imprecision in the establishment
of time delays. The conclusion is that multiple actuation channels are required. As stated
before, besides presenting extremely high cost of acquisition, existing systems with

multiple actuation channels commercially available, or under research, suffer either from:

- not offering enough precision in time definition for the correct establishment of
smaller time delays required for the generation of fast propagating Sy wavefronts —
some of the commercial available systems are capable only to establish the correct
actuation signal to generate S) waves in a single channel at a time; while phased
array systems under research generate slower propagating 4, wavefronts, relaxing
the requirement of high definition in time, since to generate slower wavefronts, the

time delays to introduce are higher;
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- or not even being capable of the generation of the correct actuation signal for each
individual actuator, in terms of time or (higher) frequency definition - or at least not
offering the capability of the user to define such actuation signal (black/closed box
systems), either in terms of waveform or frequency selection, restricting its

application to certain conditions, materials and components.

The obvious conclusion is that a lower cost, dedicated multiple channel actuation
system had to be developed. The system must be capable of a high time definition, to
establish precisely: the required small time delays in between consecutive
channels/transducers to be actuated, for the correct generation of the fast propagating Sy
wavefronts; and the correct actuation signal waveform and (high) frequency, for the

generation of the single, fast Sy waves, by each transducer.

For the reasons stated previously, PZT transducers were selected, to be applied in the
phased array SHM system. This selection is based on the fact that a single PZT
transducer can be used as an actuator and as a sensor. Furthermore, PZT transducers can
be used in techniques involving high frequency generation and sensing. As the basis for a
future development of arrays with different configurations (cross, star, circular shapes,
etc), it was decided to implement a linear array to excite fast propagating Sy wavefronts
(the selection of this wave mode was based in the reasons stated before). A linear array
presents advantages in terms of a simpler development. At the same time, different array
configurations can be seen as a combination of multiple linear arrays, while solving the
disadvantages in terms of inspections introduced by a single linear array (also referred

before).

Also to simplify the implementation and testing of this phased array SHM system in
development, it was considered its initial application to aluminum plates (isotropic
materials, with homogeneous properties and then constant wave propagation velocities in
all directions). However, in its development it was also considered its future application
to panels made of composite materials (orthotropic), presenting different mechanical
properties in different directions and then with wave propagation velocities depending on
the direction considered. This fact became also important even for the experiments

executed in aluminum panels, since, due to their manufacturing processes, mechanical
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properties are not exactly the same in all directions. Small relative differences in
properties exist, for instance due to the lamination direction in aluminum plates. These
small relative differences are translated to considerable absolute values when the high
values of Young modulus and wave propagation velocities are considered. In the
previous experiments with the PZT network SHM system, differences around 200m/s
(however less than 0.5%) were verified in the propagation velocity of the Sy wave in

aluminum plates, in different directions.

The development of the phased array SHM system accounted for its future
implementation in real structural panel components, in the sense that it was considered, in
its development, its experimentation in representative plates with more stringent
boundary conditions. For instance, experiments with the plate totally supported
(increasing wave propagation damping), with simply supported and riveted boundaries

were considered.

Furthermore, experiments were considered to be performed in environmental
conditions close to reality. Some experiments were considered to be executed in an
aircraft maintenance hangar, without any surrounding sound/noise control and with

limited temperature control.

4.1 - Dispersion Curves

As referred before, Lamb waves present a dispersive behaviour, i.e., their propagation
velocity depends on their frequency. Such behaviour significantly influences the
implementation of a SHM technique based in these waves and its consequent
performance. It is extremely important to calculate and carefully analyse Lamb wave
dispersion curves for the component (material and thickness) to be inspected, before

designing and implementing a dedicated SHM system.
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Considering the Young modulus, density and Poisson ratio for the Al2024 plate and

plate thickness:
Young modulus (E) 70GPa
Density (p) 2700Kg/m’
Poison ratio (v) 0.35
Thickness (h) 0.002m

Longitudinal and transverse velocities were calculated using Egs. 3.13 and 3.14:

C, =6450.05m/s
Cy =3098.70m /s

Rayleigh-Lamb Egs. 3.34 and 3.35 were numerically solved for frequency and Lamb
wave phase propagation velocity. The phase dispersion curves for the first two Lamb
wave modes, Sy and 4y waves, for frequencies up to 3.5MHz, were obtained — Fig. 4.1.
The simple numerical procedure consisted in a solution search algorithm implemented in

MATLAB®.

As it can be observed for frequencies higher than 700kHz, higher Lamb wave modes
are excited (than uniquely the first symmetric and anti-symmetric modes). Initially, the
interesting range of actuation frequency for the application of the SHM system becomes
then limited by that upper value. As referred before, since higher Lamb wave modes do
not propagate, complexity of wave pattern and corresponding sensed signal is decreased.
Sensor signals can then be more effortlessly assessed with less interference in between

different waves (modes).
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Group velocity was then calculated and the corresponding dispersion curves

determined — Fig. 4.2.
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Figure 4.2: Group dispersion curves.
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These curves were calculated also for frequencies up to 3.5MHz, however, they are

presented only to frequencies up to IMHz, for the reasons presented before.
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It is observable that phase and group propagation velocities of the first modes are
similar for frequencies up to 400kHz. Also, as referred, such is desirable to avoid the
spreading of wave groups in space while propagating, and consequently in time, in
corresponding sensed signal. In this frequency range the difference between propagation
velocities of both modes is considerable, enabling a good separation in their propagation
in space and consequently in time in corresponding sensor signals, again simplifying
sensor signal assessment. This difference is decreased with increasing frequency, being
reduced to zero for higher values. Furthermore, both Sy phase and group propagation
velocities do not considerably change in that frequency range. This is important since any
small error introduced in their generation frequency will not result in considerable
differences on Sy propagation velocity and consequently in erroneous determination of
potential damages’ location, compromising the inspection method. Due to its high
propagation velocity, any small error in between its real and considered propagation
velocities would result in the inspection method missing the damage location

considerably.

From this analysis it becomes evident that an activation frequency range up to 400kHz
is optimum for application of Lamb waves for SHM, specifically for the aluminum plate

considered.

With the dispersion curves, wavelength vs. frequency curves were determined — Fig.

4.3.
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These curves are extremely important for the selection of optimum PZT transducers
diameter and phased array pitch, for the frequencies to be applied. PZT transducers
actuation and sensing capabilities are amplified when their diameter is closer to half of
the wavelength to be emitted. At the same time it must be remembered that smaller

damages are more prone to interfere with smaller wavelengths.

Regarding the implementation of phased arrays, so that undesirable side lobes are not
generated, the phased array pitch should be less than, or equal to half of the wavelength
to be excited [132]:

pitch s% (4.1)

Since the array pitch is equal to the dimension of one of its PZT transducers plus the
spacing in between consecutive elements in the array, the tuning of such system
(selection of excitation frequency and wavelength) should now be performed with
relation to the array pitch and no longer with relation to the PZT element dimensions.
However, it is still true that the amplitude of generated Lamb waves is increased when
the dimension of the PZTs used approaches half wavelength of excited waves. The
logical conclusion is that the array pitch should be equal to half of the wavelength of
waves to be activated and the PZT transducer dimension should be as close as possible to
the phased array pitch, reducing spacing in between consecutive elements to a minimum.
Nonetheless, neighbouring elements should not be in contact (and not even their bonding
material). If contact existed, the actuation of one element would be passed to the adjacent
element, creating actuation noise and interference on the later PZT. To enforce this
condition, while trying to minimize the spacing in between consecutive elements of the
array, and due to practical aspects, it was considered a spacing of 3mm - to account for
Imm around each transducer to be potentially occupied by its bonding material and 1mm
of effective spacing. This means that it was considered that the PZT elements have a
diameter equal to the phased array pitch (equal to half of the wavelength to be excited)

minus 3mm.
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4.2 - Tuned Lamb Waves: Mode, Frequency, Array Pitch and
Transducer Selection

Based on referred considerations, and as mentioned in the literature review, the
inspection system can be tuned for application of a certain wave mode and frequency.
Tuning means that the desired mode to be applied in the method (its generation and
sensing) is enhanced, while decreasing the amplitude of the remaining mode. Such is
achieved at specific frequencies, for corresponding wavelengths, array pitch and PZT
transducers dimensions. To achieve Lamb wave tuning, observation of Fig. 4.3 is
essential. Specifically, tuning the system for the Sy wave can be achieved by selecting an
activation frequency and correspondent array pitch (equal to half of S) wavelength to be
excited, corresponding to the frequency selected), and PZT transducers diameter, such
that the PZT diameter is a multiple of 4y wavelength to be excited, again corresponding
to the frequency selected (or at least as close as possible to a multiple). To refer that the

higher that multiple is, the more the activated 4, amplitude is decreased.

Based on the wavelength vs. frequency curves depicted in Fig. 4.3, for all frequencies,
Sy wavelength was halved, with these values being subtracted of 3mm (the spacing in
between consecutive elements in the array) to obtain the optimum PZT dimensions (to
excite and sense those Sy wavelengths at their corresponding frequencies). The resulting
values were then divided by the A4, wavelengths excited at the same frequencies.
Afterwards, the absolute values of the difference between such results and the nearest
integers were analyzed. For an easier representation and assessment of those results,
those differences were doubled and the results were subtracted to unity. In such manner,
values close to one represent optimum conditions and values close to zero the worse

cases. The resulting curve is presented in Fig. 4.4.
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Figure 4.4: Lamb wave tuning.

According to this curve, activation frequencies around 150kHz (and correspondent
wavelengths, array pitch and PZT transducers diameters) should be avoided, while
frequencies around 100kHz and 275kHz give the best results. It must be remembered,
however, that the application of smaller wavelengths is desirable for the detection of
smaller damage dimensions, what is achieved at higher frequencies. The frequency of
excitation should then be selected to be 275kHz. As a compromise between these
considerations, based on the activation frequency range selected (up to 400kHz, as
referred); in the application of Sy as the elected wave mode to base the developed
inspection system on; and availability of transducers, PZT discs with a diameter of 8mm
were selected. Considering the spacing in between neighbouring elements in the array of
3mm, this corresponds to an array pitch of 11mm (what should be equal to half of the
wavelength of the Sy wave to excite). The corresponding actuation frequency, from Fig.
4.3, is then 245kHz, with the Sy waves of that frequency presenting a propagation

velocity of 5390m/s, in the considered aluminum plate.

Other aspects that must be considered in the definition of the PZT transducers, not yet
referred, are related with their thickness and material. The selected PZT transducers have
a disc shape with the piezoelectric material principal direction (of actuation and sensing -
ds3) oriented through the disc thickness, so that a constant actuation and sensing

capability is obtained, for all directions in the disc plane (constant radial d;3).

Density, mechanical stiffness, aging rate, temperature stability and relative permittivity

are significant characteristics of piezoelectric materials. Besides these, some of the most
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important piezoelectric material properties to be considered for this application and for

transducer definition are:

- Charge constants (V/mm, or C/N), defining piezoelectricity capability, or (direct and
reverse) piezoelectric effect capability of the material in the different directions — ds;3
and d;3. Here, direction 3 is the principal actuation/sensing direction (principal
piezoelectric effect direction in the material), selected to be through the thickness of
transducers, and 1 its perpendicular - radial direction for the transducer configuration
selected; di; defines the piezoelectric effect capability of the material with
mechanical deformations and electrical fields applied in direction 3; d;3 is
proportional to mechanical deformation field output amplitude in direction 1, when
an electrical field is applied in direction 3 (important for actuation); and to electrical
field output amplitude in direction 3, when a mechanical deformation is applied in
direction 1 (important for sensing). Considering transducer shape and orientation of
piezoelectric material, d;3 should be as high as possible in the piezoelectric material

selected, to increase actuation amplitude and enhance sensing capabilities.

- Frequency constants (kHz.mm), which define the transducer’s natural frequencies of
vibration (for disc shapes: N, and N), depending on their shape and dimensions.
Specifically for thin discs, radial and thickness natural modes of vibration have to be
considered, if the diameter of the disc is higher than ten times the disc thickness. In
this case the transducer natural frequency for the radial mode is obtained by dividing
N, by the disc diameter in millimetres. Similarly, the natural frequency of the
thickness mode is calculated by dividing N; by the transducer thickness in

millimetres.

In this discussion it is important to note the response properties of a system operating
in a frequency near its natural frequency of vibration, particularly, its higher response
amplitudes and lower damping. Translating that to a PZT transducer working in one of its
natural frequencies, it would present higher mechanical deformation output amplitudes
for a certain electrical field imposed, i.e., it would present an amplified actuation, what
would be beneficial. Also, it would present higher voltage output amplitudes for a certain

mechanical deformation imposed with such frequency, i.e., it would present enhanced



85

sensing capabilities. This principle was explored in some of the applications of PZT
transducers to conventional NDT&E. Probes, including PZT elements, were designed
according to certain geometries and dimensions to operate near their natural frequencies

of vibration.

However, when the reduced damping is considered, a loss of signal definition in time
exists, specifically in the termination of the signal, with increased number of oscillations,

or waves generated, with relation to what is desired and specified.

The piezoelectric material properties referred are dependent on the transducers
geometry (shape and dimensions). Regarding the piezoelectric effect, since the PZT ds; is
through the disc thickness, actuation and sensing capabilities of transducers are
proportional to their thickness. With increasing thickness, the mechanical deformation
output, from transducers, increases, for the same applied input electrical (voltage) signal,
i.e., actuation is amplified. The opposite is also true, for the same mechanical
deformation applied to transducers, the electrical signal outputted is enhanced with
increasing transducer thickness, i.e., sensing capabilities are enhanced. However, the PZT
transducer mechanical rigidity increases with thickness, being less deformable and then
less sensitive. One advantage of increasing the transducer thickness would also be to
increase the piezoelectric material quantity and then increase charge that the transducer
can accumulate, without being depolarized. The voltage of the actuation signal could be

increased and then actuation could be enhanced.

Furthermore, with the application of simple wire leads to feed the voltage to the
transducer, in actuation, for a transducer with considerable dimensions, electrical fields
(and consequently, mechanical deformation fields generated) might not be uniform.
Electrical contact plates instead of wires could be used to diminish such problem.
However, these would increase the overall transducer rigidity, constraining again its
deformation and consequently its mechanical deformation output amplitude, i.e., its
actuation and sensing capabilities. In sensing mode, mechanical deformations (from the
specimen to which the transducer is bonded) are applied to the sensor through the contact

surface in between it and the specimen. If the transducer presents a considerable
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thickness, these deformations can be considered as local deformations and then the

mechanical deformation field is far from uniform in the transducer.

In addition, transducers mass and rigidity (increasing with increased thickness) affect
local characteristics of the combined structure plus transducers, around their position.
This affects the wave propagation pattern, as a damage or a structure reinforcement
would do. Such might lead to the generation of further wave reflections and localized
variation of wave propagation velocities and consequently wavelength, possibly even
leading to mode conversion. With increased rigidity, transducers are also responsible for

considerable localized wave amplitude damping.

As a compromise between all stated considerations, PZTs with a thickness of 1mm
were selected. To note that with a diameter of 8mm and consequently a diameter to
thickness ratio lower than ten, the natural frequencies and modes of vibration do not have
to be considered for the PZTs selected. The PZT material selected was Ceramtec’s Sonox
P502, known for its good working performance at high frequencies, with a wide range of

known applications, and presenting a desirable high d;;.

4.3 - Number of Elements in the Array

To be able to inspect an entire component, the scans performed by a phased array must
be repeated, with the wave front being steered into different directions in the component
in each scan. Consequently, different time delays must be applied in between the
actuation of consecutive array elements, in the different scans. To define the directions
(and related time delays) that must be considered to enable the inspection of the entire
component, the aperture of the generated wavefronts must be taken into account. The
aperture angle is centred around the propagation direction of the wave front generated by
the phased array. It defines the region where such propagating wave front will be
effectively formed and then the useful inspection region for each scan direction

considered.
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Such aperture (Aa) is dependent on the total length of the phased array (/) - the phased

array pitch and number of elements in the array (n) - and on the excited Lamb wave

wavelength (1) [132]:

A
n. pitch

Aa = 0.886% = 0.866 (rad) 4.2)

This relation is valid for all angles of the propagation direction of the array generated
wavefront (in an isotropic plate), particularly for angles approaching the perpendicular to
the linear array. It is predicted that due to the influence of the array elements into the
excitation/propagation of the wavefronts, these will present lower amplitudes (decreasing
inspection capability) and will be more spread in space when their propagation direction
approaches the direction of the array (increasing the aperture in those directions). Then
the aperture calculated according to Eq. 4.2, can be regarded as the minimum aperture. If
such value is considered as the angle interval to be established in between consecutive
inspection directions, it will be guaranteed that the entire component can be inspected.
Simultaneously, the overlap of inspection regions will be promoted and inspection

capabilities will be enhanced.

Theoretically, constructive interference in between generated waves from different
transducers in the array is augmented (the amplitude of generated wavefronts is
increased), when the number of generated waves and then the number of transducers is
increased in the array. However, the wavefronts to be generated will be more spread in
space in those conditions. As it can be observed from the above equation, such results, in
fact, in a lower aperture of the array. As a compromise, it was decided to implement an

array with seven elements.

4.4 - Actuation Waveform Analysis

As mentioned earlier, the dispersive behaviour of Lamb waves must also be considered
in the selection of the actuation waveform. As a consequence of that behaviour, the
actuation signal should be centered as much as possible on a single frequency. If not,
multiple waves, with different frequencies and, consequently, propagation velocities, will

be generated and will propagate in the plate. This promotes wave interference and
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increases significantly the complexity of the wave pattern and corresponding sensed

signals, being considerably more difficult to assess.

The generation signal should not be too long in time, not to promote overlaps between
actuation and sensing. Furthermore, when a PZT is applied as an actuator, it can only be
used as a sensor after actuation is completed. By that time, the generated waves already
propagated to a certain distance. If a damage was encountered before half of that distance
(since damage reflections have the same propagation velocity as actuated waves), damage
reflections would not be sensed by that particular PZT. By increasing the duration of the
actuation signal, the area not inspected by the actuator PZT increases. The conclusion
that can be retrieved from this aspect is also that there is always a region around the

actuator PZTs that cannot be inspected.

Naturally, for a pulse-echo technique it would be important to have an instantaneous or
quasi-instantaneous actuation, such as an impulse, square or ramp waveform. These
actuation signals would be well defined in time, with a high frequency and then
potentially generating waves with smaller wavelengths, more prone to be affected by the
existence of smaller damages. The application of these smaller wavelengths would result
in a clear detection of potential damage reflections and then improved damage
detectability and minimization of detectable damage dimensions. However, these types of
signals excite a broad band of frequencies, with their frequency spectrum being spread by
a broad frequency range, with the negative effect referred before of exciting multiple

waves with different frequencies and propagation velocities.

Those are the types of actuation signals applied previously in conventional NDT&E to
generate dispersive, scattering, bulk body waves. The use of these actuation signal
waveforms, and their negative effects, is one more reason that justifies the application of
those techniques only locally and through the thickness of the component under
inspection, for successful damage detection. Other reasons are: the nature of application
of such techniques, external to the surface of the component to be inspected; the type of
waves selected (body waves), with related referred behaviour and which present
considerable wave propagation amplitude damping. Besides their local application,

sensor signals have to be heavily filtered. Localized application and sensor signal
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filtering are implemented so that noise interference and complexity of sensor signals is
sufficiently reduced. The objective is to enable feasible sensor signal assessment and the
detection of waves in it and particularly, possible reflections from potential defects, i.e.,
to achieve a sufficient SNR for consequent successful application of the inspection

method.

Considering the importance of the actuation frequency to be centered in a single value,
a sinusoidal signal could be selected. The frequency is perfectly set, however lobes

appear in the harmonic frequencies as can be observed in the function frequency

spectrum.
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Figure 4.5: Sinusoidal actuation wave.

To center the function frequency spectrum on a single value, the sinusoidal function
could be modulated by multiplying it by a second sinusoid of lower frequency — similarly
to a Hann modulating window. As an example, the next function could be defined, with
the modulating sine having a frequency ten times smaller, i.e., with the application of five

sinusoids in the interior of the modulation window.

1) =4sin(2 7 f1) sin(z fo tJ 4.3)
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Figure 4.6: Time and frequency analysis of Eq. 4.3.

A better definition in time and, as expected, in frequency were observed, with lobes
disappearing from the frequency spectrum of this signal. Several different modulation
windows with different ratios between the inner sine and window frequencies were
tested. When the number of the inner sine wavelengths is increased, the peak observed in
the signal frequency spectrum becomes more narrow (smaller frequency bandwidth),
with its amplitude being increased at the cost of appearing lobes. It was concluded that
the optimum actuation signal would consist in an inner sine train of five wavelengths,
modulated by a sine window, with the resulting function being smoothed in its

beginning/end.

Considering the actuation frequency of 245kHz (inner sine frequency), the actuation
signal will have a total duration in time of 20.41pus. According to what was referred
before and considering that the Sy waves of that frequency present a propagation velocity
of 5390m/s, in the considered aluminum plate, a distance of 55mm around the PZT

transducers (phased array) will not be inspected.
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4.5 - Linear Phased Array Numerical Simulations

To better understand the beamforming process of the linear array and to assess the
generation of side lobes, a simple code in MATLAB® was developed to implement
trivial numerical simulations. In this study a square plate with 600mm side length was
simulated with a single planar layer mesh of 600x600 nodes (spacing of 1lmm). An

interface window — Fig. 4.7 - was programmed to enable the user to:

- create the actuation waveform - specifically based in a Hann windowed sine
waveform, the user can select the maximum amplitude and the inner and window

frequencies;

- establish the wave propagation velocities by introducing the frequency of excitation
times the thickness of the plate — the code has embedded a matrix to represent the
dispersion curves presented in Fig. 3.3, for an aluminum plate, and considering the

propagation velocities calculated in page 77;

- set a predetermined damping coefficient for the wave propagation (i.e. amplitude
attenuation factor), assuming that such attenuation occurs exponentially with the

wave travelled distance;

- select the number of actuators to apply and their respective positions in the plate —
what enables the application of this code, in the future, to simulate arrays with
different configurations than the linear. In this simple code, the actuators were

assumed to be simple nodes in the mesh;

- define the angle of the propagation direction of the wavefront to generate, with the
code calculating internally the required time delays to introduce in between
consecutive actuations; or introduce explicitly the time delays in between the
different consecutive actuations, enabling also the simulation of the generation of

curved wavefronts.
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A time step of 100ns is established. For each time step, the code calculates for each
node the amplitude of the excited waves by each actuator, considering the waveform
selected and the damping determined by the user, the calculated propagation velocity, the
different actuator positions and the time delays applied - either calculated by the code to
achieve the propagation of a wavefront into a determined direction (angle), or introduced
by the user. The resulting amplitudes, in each node, due to the propagation of the
generated waves by each actuator, are then summed. The results for a 90° and 60°
propagation direction are presented in Fig. 4.8. The constructive interference in between

the different excited waves, i.e., the beamforming process and resulting wavefronts can

be clearly observed.

Figure 4.7: Interface window.




93

Figure 4.8: 90° and 60° beamforming simulation.

Through these simulations the condition expressed by Eq. 4.1 was verified, with the
existence of side lobes when that condition is not enforced. The dependency of the
wavefront aperture angle to the wavelengths being generated and the length of the phased
array (determined by the number of actuators specified and their relative distance — pitch
of the array) was verified. It was also observed that such aperture angle is approximately

constant for all wavefront propagation directions in the plate.

4.6 - Development of the Actuation System

Regarding the phased array actuation system, a configuration based on a master circuit
controlling the phased activation of different slave circuits was implemented. Each slave
circuit, when activated by the master, generates the actuation signal to one PZT
transducer in the array. The master circuit consists of a simple Micro Controller Unit
(MCU). The MCU was selected considering its processor frequency, the output
frequency it is capable of and number of output pins. The number of output pins limits
the maximum number of slave channels that one MCU is able to control — however, two
MCUs can be connected to communicate with each other, in order to expand the number
of channels to control. The processing and maximum MCU output frequencies determine
the minimum time delays that it is capable to apply for phased activation of the slave
channels. A Texas Instruments (TI) MSP430F2012 [133] MCU with 16MHz of
processing frequency, 4MHz of output frequency and two output ports, with eight and
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two pins respectively, was selected. For the selection of the minimum time delay that the
MCU would be able to apply, in this case 250ns (corresponding to an output frequency of
4MHz), a simple exercise was followed. The time delay to be applied in between
consecutive actuations (Af) — corresponding to the inverse of output frequency (f,.) - is
equal to the difference in distance travelled by the consecutive generated waves (Ad)

divided by the activated waves’ propagation velocity (V):

1 Ad
— (4.4)

At = =
fout V

wave front

ad /

© wave propagation direction

i P i+]
Figure 4.9: Phased array beamforming.

Through simple geometrical relations — depicted in Fig. 4.9 —, the difference in
travelled distances can be related to the phased array pitch and the direction of

propagation of the activated wavefront («) by:

_ Ad (4.5
cosa = pitch .5)
Combining the previous two equations:
itch .cos «
ap = PE-CO5 (4.6)

|4
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Knowing that for a wave:

V = A fwave 4.7)

Assuming that an optimized phased array is implemented such that its pitch is half of

the wavelength of Lamb waves being generated:

A =2 .pitch (4.8)

Replacing this equality in Eq. 4.7 and the result in Eq. 4.6, the following relations can
be obtained:

CoS & 2
At = or four = Jwave (4.9)
2fwave COS X

To generate a wave front propagating in a direction perpendicular to the linear array,
the master MCU must output simultaneously the activation signals to all slave circuits,
without any delays applied in between actuations. Such means that the MCU must output
all pins simultaneously, what is not problematic. The smallest, non zero, time delays to be
applied, correspond to scanning directions (to wavefront propagation directions) closest
to that normal direction. If it is desirable to inspect the entire component, for the different
inspected regions in different scans to be contiguous, the different inspection directions
must be spaced by no more than the array aperture. To achieve such, the scanning
directions, closest to the normal of the linear array, to be selected, will be separated from
that normal by the aperture angle. It is then necessary to calculate a minimum aperture
that will correspond to the minimum time delays that the master will be able to apply. Eq.

4.2 can be simplified by assuming an optimized phased array, i.e., Eq. 4.8, resulting in:

2x0.886

Aa =~ (rad) (4.10)

Considering the application of a phased array with a maximum number of seven

n

elements, the array aperture is calculated to be 0.2476rad, or 14.19°. Considering a little
superposition of adjacent inspection regions (for safety), the closest angle to 90° will then

be 77°. With Eq. 4.9, the maximum wave frequency that can be applied in the inspection
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method for the output frequency of the master MCU of 4MHz, will then be 450kHz. Such

value is higher than the upper limit of 400kHz established for the actuation frequency to
apply in this system.

It must be noted that the processing frequency of the MCU is also important for the
correct implementation of the method, since the error in time between the desired time
for output and the time at which such output occurs in reality, is in the worse situation

20% of its clock period (then 12.5ns) - usually below 10% of the clock period (6.25ns).

Furthermore, the TI MSP430F2012 MCU (with a 16 bit RISC architecture) was
selected due to its extremely low cost, being a low power unit and due to the fact that it
can be programmed effortlessly in ASSEMBLY, or C, by being attached to a USB
development tool (MSP EZ430F201x) [134] - Fig. 4.10. This tool consists of a
programming board capable to erase, translate and upload the code to the MCU. The
MCU is attached and communicates with the board by a Spy By Wire interface (while it
can also be used with a JTAG interface), while the kit is connected to a computer through
a USB port. Such enables the use of the TI IAR Embedded Workbench [135] to develop
the codes and program the MCU. After it is programmed, the MCU can be detached from
the programming board and powered and used independently with the stored code. This
MCU presents also 2KB of EEPROM CPU memory, 256B of flash memory and 128B of
RAM. This is more than sufficient to store the simple codes to implement the SHM

system (both for master and slave channels).

MCU

Programming
USB Board

Figure 4.10: MCU and USB programming board.
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According to the aperture determined for the array of 14.19°, and as referred, for safety
reasons, the maximum angle interval in between consecutive directions of inspection was
established to be 13°. The inspection direction angles, or the angles at which is intended
that the wavefronts will propagate were selected to be 6°, 19°, 32°, 45°, 58°, 70°, 80°, 90°
and the symmetric directions with relation to the normal of the array. Angles are
measured anti-clockwise with relation to the direction of the linear array, from the right.
With the selection of these directions some overlap in between the regions to inspect is
promoted. Particularly, the 6° direction was selected to enable the inspection of the region
laterally adjacent to the phased array, while avoiding the destructive interference of the

PZT elements in the array to the propagation of the wavefront in the array direction.

With the selected inspection angles, knowing the propagation velocity of the Sy waves
(and wavefronts) to generate and the linear phased array pitch, the corresponding time
delays to be introduced in each scan (for each propagation direction angle) were
determined. These delays were then implemented in the developed code to use in the

master MCU.

For the design of the slave circuits, for the actuation of each PZT in the array, it was
also considered a MCU to generate the digital signal corresponding to the actuation
waveform (the bit trail). One of the main advantages of the use of such MCU is that, as in
the case of setting the time delays for the different scans through the use of the master
MCU, it can be programmed so that the actuation signal waveform can be modified,
particularly regarding its frequency. Such will enable the application of the inspection
technique to different materials in the future. The MCUs used in the slave channels were
similar to the one used for the master circuit. The number of pins was more than
sufficient — from the available 10 pins, five pins are needed at the most, one for input
from the master, two to output the inner sine function and the modulating window digital
signals and between one to three pins to control output switches (depending on the
configuration selected by the user). With the designed and implemented technique to
generate the actuation signal, the MCU is capable to generate signals with frequencies up
to 2MHz (half of its maximum achievable output frequency of 4MHz). The small errors
in time introduced in the signal output are related to the MCU processor frequency, as it

was the case for the master MCU.
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To explore all capabilities of these MCU s, it is required the direct access and control of

their registers and for that, MCUs had to be programmed in ASSEMBLY. The slave
MCUs, after receiving the activation signal from the master (in one of their pins),
generate and output the bit trail (with a voltage between 0 and 4V) in two different pins,
one for the generation of the inner sine function (with the actuation frequency) and the
other to generate the Hann modulation window. These signals are passed in a developed

Digital to Analog (D2A) circuit, based on a Sallen-Key filtering technique — Fig. 4.11.

ViAW ——AA, >V°

(@]
()

Figure 4.11: Sallen-Key filter.

This circuit consists on amplifier based filters to create the analog waveform, i.e., to
create the sine wave output, from a corresponding square wave input (bit trail outputted
by the MCU) of the same frequency. Two identical circuits were used for the inner sine
wave and for the modulating window. The filters can be centered, by design, in any

desired frequency of actuation, by changing uniquely the associated resistors:

1
CZ = 2C1 and R1 = R2 = W (411)

In this case C; was selected to be 0.001uF, with R; being 459Q for the inner sine (with
a frequency of 245kHz) and 4594Q for the modulating window (with a frequency ten

times smaller).

As for the amplifiers, National Semiconductor LM6172 [136] were selected. These
present a 100MHz unity gain bandwidth (i.e. a frequency range up to 100MHz with a
unity gain), much broader than the actuation frequency range considered (up to 400kHz,

without the need of amplification gains higher than 10). They also present a high slew
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rate capability of 3000V/us (high speed), with low distortion, low power consumption

and high output current (average of 50mA/channel and maximum of 130mA in a single
channel). These amplifiers can be used in either a positive or dual voltage mode (power
supplies from 0 to 5V or £18V), with a maximum differential input voltage of +10V. In
the D2A module, since the input and output signals are always positive, the amplifiers are
used in their positive voltage mode (with the output signals presenting the same voltage
range as the input signals). Their capability of being used in a dual voltage mode will be

important for the final amplification of the circuit (output to the PZTs).

These filters were tested with the use of a bread board. An output resistor of 220Q was
used in the output of both filtering circuits for output impedance match (simulating an
output load). The power supply bypassing circuit presented in Fig. 4.12 was also
implemented, according to what is stated in the application notes for these amplifiers
[136]. This power supply bypassing circuit is important to maintain the stability of the

low power supply (impedance) to the amplifiers in their entire working frequency band.

Figure 4.12: Power supply bypassing circuit [136].

The wide usable frequency band of the amplifiers means that errors introduced in time
and frequency are considerably small (1/100MHz or 10ns in time). Furthermore, circuits
used in both filters, for the generation of the inner sine and modulating window, were
exactly the same (with the exception of frequency tuning resistors applied). Any delays in
generation of those signals were then the same and the resultant waveform was not

affected, except for possibly an initial delay in its output (not verified in experiments).

When working in the design frequencies these filters introduced an error in the

generated analog signal of less than 1% in time, frequency and amplitude. These filtering
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circuits were also tested by changing the frequency of the square wave input from 50kHz
to 400kHz, with a step of 50kHz. Due to their design, it was verified that the error
introduced by the filters never exceeded 10%, in terms of the output analog signal
frequency. If wanted, this error can be decreased to the previous 1% error, by tuning the
filter to the desired frequency (input signal frequency, equal to frequency of actuation),
i.e., by calculating, selecting and introducing new resistors into the filters. Tests were
performed, by modifying the filter resistors and tuning their frequency to values in the
range previously referred (50kHz to 400kHz with a step of 50kHz). The maximum error

of 1% was verified.

The two output signals from the D2A module (filters) present voltages between 0 and
4V. The inner sine corresponding signal must then be subtracted by 2V to be centered
around zero. Afterwards, both sine and window signals are multiplied by a low noise, low
distortion, high speed analog multiplier — Analog Devices AD734 [137]. This multiplier
accepts differential input signals up to 20V peak to peak and is capable of output voltage
swings in the range of =10V, with 450V/us of slew rate and a settling time under 200ns
to achieve full amplitude signal output with an error of 0.1%. The multiplier has a
200MHz unity gain bandwidth and a working frequency range that goes beyond 40MHz.
Particularly, when working with signal frequencies up to 10MHz, it is capable of full
amplitude swings with an error in amplitude and time inferior to 0.1%. The error
introduced in time, for the frequency range considered for the application of the phased

array is less than 30ns. The multiplier circuit is depicted in Fig. 4.13.
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Figure 4.13: Analog multiplier circuit.
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In this circuit, the inner sine corresponding signal is inputted in pin 1 of the multiplier
and subtracted by 2V (inputted in pin 2, generated by an external power supply — also
used to power the entire system with the different voltages: 4V, +18V and -18V). The
modulation window signal is inputted in pin 6. To achieve a good stability of input
signals, reducing noise and interference (cross talk), 51kQ resistors were introduced in
between pins 1 and 2, and 6 and 7. R; and R, are resistors used to set the amplitude of the
output signal. These were experimentally tuned to achieve a voltage output range of +4V,
being determined as 137kQ and 300k€), respectively. The multiplier output is already the
final actuation signal waveform (Hann window modulated sine), correct in time and

frequency, and only with an amplitude inferior to what might be desired.

The multiplier output is then amplified to the desired voltage range output, by a simple

amplifying circuit — Fig. 4.14.

Vi > Vo

Figure 4.14: Amplifier circuit.

With:

R-+R
S A 6

h =V~ (4.12)

An amplifier similar to the ones used in the filters (D2A module) was employed, with
the use of the same power supply bypassing circuit (for stabilization and circuit
protection). Since the amplitude of generated waves (their imposed mechanical
deformation) is proportional to the amplitude of the actuation signal, such voltage output
range should be as broad as possible, as long as the voltage peaks do not damage the

actuator PZTs. In this case it was verified that the applied PZTs accepted the maximum
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output voltage range that such amplifier is capable to output (+x18V). The voltage range

of the output signal from the multiplier (input to the amplifying circuit) was then
experimentally verified with the use of the bread board. To reduce the effects of signal
amplitude loss (in the real circuits), Rs and Rs were also tuned experimentally. To achieve
the maximum voltage output range from this amplifier circuit Rs and Rs were determined
to be 180Q2 and 805€, respectively. To achieve good stability in the output signal from
the amplifier, a 270Q impedance matching resistor - also determined experimentally -
was added at its output. The effect of this output resistor was extremely important for the
stability of the output signal in the entire voltage output range, but particularly when the

amplifier is used as a sink (negative output voltages).

Just before being directed to the slave channel corresponding single actuator PZT in the
array, the actuation signal is passed by a low on resistance (5€2) switch — ADG452 [138].
The switch is capable of working with 100mA of continuous current and up to 2A of
transient current, what is more than sufficient regarding the current levels involved. The

low on resistance of the switch means that the through voltage drop is also low.

The switch is controlled by a digital signal from the slave circuit MCU and is capable
of analog inputs and outputs with amplitudes of 44V peak to peak. The switch admissible
working frequency bandwidth for the passing analog signal is well in excess of SMHz.
To avoid the introduction of errors due to the required time for on-off operation of the
switch (around 200ns maximum - SMHz on-off frequency capable -, and around 60 to
70ns typically), it is closed before actuation, accounting for the required on time and it is
opened just after actuation. This means that the MCU sends a signal to close the switch
immediately after receiving the trigger signal from the master MCU and (some time)
before it starts to output the digital signals, corresponding to the inner sine and
modulation window actuation signals, to the D2A module. By doing so, the time in
between closing the switch and starting to output the digital signals is experimentally
determined, so that the influence on the actuation signal by the transient glitches,
introduced by the switch (closing, in operation), is avoided. Also, since the different slave
actuation channels are independent, there is no cross talk in between them and therefore
no interference from those switch operation transient glitches from one slave channel to

another.
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The MCU sends then the order to open the switch after actuation, at a certain time after
finishing the output of the digital signals. Such delay is also determined experimentally,
to account for the time delays introduced by the D2A, multiplier and amplifying circuits;
and to diminish the interference of the switch introduced transient glitches, when
opening, into the actuation signal itself. Although such glitches will exist and interfere
with the PZT actuator and consequently cause the random generation of waves
(considered as introduced noise, with undetermined and broad frequencies and then
propagation velocities and wavelengths), such will only happen after actuation and this

setback was decreased as much as possible, with the selection of the referred switch.

This switch is only closed during actuation and afterwards flushes the remaining low
actuation signal noise from the slave actuation circuit to ground. This is performed to
protect the electronic components in the slave circuit, by avoiding the damaging
accumulation of remaining swinging currents and voltages in it (noise after actuation).
This switch is introduced to solve the usual impedance mismatch problems in between
actuator and signal acquisition circuits when the PZT transducers are used as sensors. As
in this case, the actuation circuits usually present relatively low output impedances
(around 50 to 75Q) to enable higher output voltages, frequencies, slew rates and lower
settling times. However, the data acquisition, or voltage reader, presents desirably much
higher input impedances, also to enhance acquisition precision. When a PZT transducer,
working as a sensor, is connected simultaneously to both systems, a great part of its
signal (current) will be lost (will escape) to ground through the actuation circuit, due to
its lower impedance than the acquisition system - in the present actuation circuit it would
flow to the output amplifier, working as a sink. The amplitudes of the acquired signals,
presented by the voltage reader, will then be considerably decreased. Experiments were
performed to compare the performance of the system (amplitude of acquired signal) with
and without the use/operation of the output switch (with the switch always closed/on).
Amplitudes of the acquired signal were increased in more than 600% with the use of the

switch.

Some of the tests being performed to the components of the phased actuation system,

using a bread board are depicted in Fig. 4.15.



Figure 4.15: Components of the phased actuation circuit being tested.

The slave circuit experimental (non miniaturized prototype) board (and system

diagram), with DIP (through hole) larger electronic components is depicted in Fig. 4.16.
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Figure 4.16: Slave circuit.
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Chapter 5

Phased Array SHM Experiments

In these experiments the same equipment used previously in the tests performed for the
development of a PZT network SHM system [4] was employed. Besides the NI PXI-5421
(single output channel) actuation board, a NI PXI-5105, 8 channels with simultaneous
sampling oscilloscope board was used for acquisition of the array sensors signals. This
oscilloscope is capable of a sampling rate of 60MS/s with 12 Bit resolution. Furthermore,
in this board, the signal acquisition voltage range can be selected, depending on the
intended application, from +£25mV to £15V. This board has an internal memory of
128MB and when it is connected to a computer, it enables data transfer in real time, i.e.,
while executing data acquisition. With the data transfer rates possible, the internal
memory in the board revealed to be sufficient, considering simultaneous acquisition of
the 8 channels with the maximum sampling frequency and considering an imposed
minimum recording time. The minimum recording time considered corresponds to a Sy
wave propagating in a 2m squared plate at 5500m/s and travelling four times the diagonal

of such plate.

The two boards (NI PXI-5421 and NI PXI-5105) were mounted in a NI PXI-1033
chassis connected to a Laptop using a PCI-Express card slot. The chassis and PCI-
Express card were carefully selected not to limit the performance of either the boards,
specifically in terms of synchronising clock performance for the two boards and
allowable maximum data transfer rates. Besides the use of the oscilloscope board to
acquire the phased array sensors signals, this system (complete NI system) is used to save
the test data (sensor signals, etc); for data post processing (application of filters, etc); to
implement the damage detection algorithms; and to control and synchronize the operation
of the entire SHM system, particularly in between the developed phased array actuation
system and the NI system (particularly regarding the oscilloscope/acquisition and the

laptop). In the experiments, for the phased array system, the NI PXI-5421 (single output
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channel) actuation board was only used for synchronization purposes, to send a digital
activation signal to the phased actuation system (to the master circuit), to start the
actuation of the phased array. Such was done when the NI system and particularly the
acquisition board is prepared to acquire the sensor data. This is enabled by the fact that
both NI PXI-5421 and NI PXI-5105 boards are synchronized by the NI PXI-1033 chassis.
The oscilloscope is then ready to start the readings, being triggered (with data being

saved just after) by the actuation signals sent to the PZT transducers in the array.

As for software, initially NI SIGNAL EXPRESS® was used for a rapid assessment of
system performance on signal generation (from each slave board and collectively for the
determination of the precision at which time delays are introduced by the master and the
subsequent beamforming process); precise activation of desirable Lamb waves and
wavefronts; sensing and sensor signal acquisition, etc. This software is extremely user
friendly. It has a visual interface that permits to manage and monitor in real time and in a
simple and automatic manner the activation signal to the phased array actuation system
and sensor signals acquisition and data recording. It also presents some simple but useful
data post-processing capabilities for an initial assessment, such as: filters, spectrum
analysers, switches, conditional decision making, triggers, mathematical signal

operations, etc.

Afterwards, the control of the operation of the phased array SHM system, the
synchronization of the boards, activation of the phased actuation system, sensor signal
acquisition, data post-processing and the implementation of damage detection algorithms
were performed in LABVIEW®. With this objective the previously developed
software/code for the PZT network SHM system was adapted for the phased array system
(actuation, sensing and damage detection algorithms). The resulting modules were then
combined with the ones for the PZT network, forming a fully developed system to be
used with networks or phased arrays, or a combination of both. As before the Virtual
Instruments (VI) were graphically coded to control the NI boards; to create the front
panel of the instruments and the system, for user interface — so that the user can setup and
control inspection execution, save data, see inspection results, etc; and through the
embedment of MATLAB® codes, to apply data post-processing (filters, etc) and the

damage detection algorithms.
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The experiments started by testing the slave circuits to verify the generation of the
actuation signal waveform, specifically its correct amplitude and frequency, and to assess
the introduced errors in time. The complete actuation system, depicted in Fig. 5.1, was
then tested to verify the correct generation of the wave front and the influence of the

previously referred errors (and relative errors in between the different channels).

Figure 5.1: Phased array actuation system.

Initially the outputs from all slave circuits were directly connected to the data
acquisition system. The delays introduced by the master circuit were confirmed and the
errors in the beamforming process were verified. In Fig. 5.2, the output signals from the
different slave channels are presented for a null time delay, i.e., when all slave circuits
are activated by the master circuit simultaneously, to facilitate the verification of errors.

A zoom is presented for the figure, around the highest peak of the actuation waveforms.
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In the analysis of all generated signals, the maximum detected differences in amplitude
were of 610mV, corresponding to a relative error in amplitude of 5.5%. The time
differences observed for the highest peaks were of 250ns, corresponding to relative errors
in time and in frequency of 2.5% (with relation to actuation frequency, i.e., inner sine
period and frequency). Such errors will result in that the wave front generated will be
spread through 1.3mm in its direction of propagation, considering the 245kHz frequency
of actuation and the corresponding propagation velocity (of the Sy waves/wavefronts). Do
not mistake this wave front spread with the wave front width in the direction
perpendicular to its propagation, or aperture. Comparing that value with the (Sp)

wavelength excited, an error of 6.25% is determined in space.

Furthermore, the influence of the transient glitches introduced by the final switch
opening (in operation), in the actuation was also verified and is depicted for the different
array transducers/elements in the last graph from the previous figure — Fig. 5.2. As may
be observed, the introduced glitches have an amplitude inferior to 4% of the maximum
actuation signal amplitude, for each individual and independent slave actuation channel —
and array element/transducer. As mentioned in the end of 4.6, these glitches will have as
a consequence the generation of additional waves, to be considered as noise for the
implementation of the system. The small relative amplitude of the glitches indicates that
the relative amplitude of those additional waves will be small, when compared to the
amplitude of the generated wavefront. Furthermore, being in a broad band of
undetermined frequencies, those glitches will have as a consequence, the generation of
highly dispersive and fortunately scattered waves. The relative amplitude of these waves
is even smaller when compared to the generated wavefront considering the intrinsic
constructive interference of the different generated waves to form such wavefront

(beamforming).

With these promising results the linear PZT phased array was implemented in a square
aluminum plate 1.5mx1.5m. The array was applied near and parallel to one of the edges

of the plate, in its middle — Fig. 5.3.
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Figure 5.3: Linear PZT phased array applied to an aluminum plate.

The first experiments executed after the implementation of the PZT array were focused
in the verification of the correct generation of wavefronts, their propagation directions,
amplitudes and apertures. For these initial experiments a network of three PZT
transducers was also used. These PZTs were bonded near the other three plate edges (also
in the middle), with relation to the phased array. The wavefront was generated and
steered to various directions in the plate and, besides the sensor signals from the PZT
array, the network sensors’ signals were also acquired. The time delays introduced by the
master circuit were modified in these tests, to steer the wavefronts to the network PZT
sensors and into their adjacent directions. From these experiments, it was concluded that
the wavefronts were successfully generated and steered; their wavelength and frequency

were also confirmed.

Through the wavefront Time of Flight, between generation and arrival to each one of
the network sensors, the propagating velocity of the Sy wave fronts was confirmed with

the initially calculated values from dispersion curves.

The aperture of the array was then confirmed through the scans in which the generated
wavefront was steered to propagate in directions adjacent to the ones including the
network sensors. For each scan direction, the amplitudes of the resulting acquired signals
for each PZT in the network were recorded — the amplitude of the wavefront and the
amplitudes of the previous and trailing waves with relation to the wavefront (arriving at

the network transducers before and after the wavefront, due to the actuation signal
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morphology). In Fig. 5.4, the results for the scans performed in directions close to 45° are

presented.

For the generation of these scan figures, a quadrangular, single layer mesh, with a
spacing of Smm, was applied to the plate. An array of 300 x 300 (for the 1.5m x 1.5m
plate) was created, corresponding each of its positions to one point in the mesh — the
point in the first line and first column corresponds to the left corner in the boundary
closer to the phased array, with the columns representing the points in a direction parallel
to the phased array. The amplitude values were then used to populate this matrix. For an
easier representation, such amplitudes, of the wavefront and remaining waves, were
staggered in space, corresponding to the distances determined through the waves (and
wavefront) propagation velocity and the relative time intervals in between them, in the
considered network sensor signal (their arrival at the sensor). Those amplitudes were then
introduced in the matrix positions corresponding to the points in the mesh in the scan
(wavefront propagation) direction considered. This process was executed for all scans
performed in directions adjacent and including the considered network PZT, and for all
three network PZTs. The figures are then generated by plotting the matrix and embedded

values.

In the scan results presented in Fig. 5.4, it can be seen in red the highest amplitude
values recorded. These values correspond to the amplitudes recorded for the arrival of the
wavefront, while the remaining colors correspond to the waves arriving before and after

the wavefront, with smaller amplitudes.

Figure 5.4: Verification of wavefront aperture.
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Finally the amplitudes of the network sensors’ signals corresponding to the propagating
wavefronts generated by the phased array were assessed — Fig. 5.5. A simple experiment
was also executed with all the slave actuation channels deactivated except the one
corresponding to the PZT in the array closest to a particular network sensor. This was
done to decrease the interference from the remaining PZTs in the array into the generated
wave (by the only active PZT), particularly considering its propagation direction
connecting the actuator PZT in the array and the network sensor selected. This
experiment was repeated for all the three network sensors and the amplitudes of their
signals corresponding to the propagating wave were also analyzed. These amplitudes
were then compared to the amplitudes acquired for the wave front generated by the
phased array. It was verified that the sensed amplitudes for the wave front were ten times

higher than the ones obtained for the single wave generation.
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Figure 5.5: Wavefront amplitude detected by network PZTs.

As expected, the wavefront amplitude is higher for propagation directions approaching

the perpendicular of the array orientation.
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5.1 - Damage Detection Algorithms

Regarding the damage detection algorithms, two different approaches were followed
concurrently. The first was based in the application of the phased array sensing principle
referred in the literature review, which is applied by the majority of works in this field. In
this approach, since the inspection direction is known, the phased array sensor signals are
shifted in time for the corresponding relative time delays. Afterwards, the signals are
added, with the resulting signal being searched for a potential damage reflection. With
this procedure, incoming reflection waves in the inspection direction will be enhanced,
increasing SNR. After encountering a potential damage reflection — damage detection -,
its Time of Flight is retrieved from the sensor signals (time between the wavefront
generation and detection of such reflection). Knowing the wave propagation velocity
(equal for generated wave/wavefront and reflections), the total distance travelled by the
generated and reflected waves is calculated. The distance between the phased array and
damage is then determined, as half of the total distance travelled by the generated and
reflection waves. Knowing the inspection direction, damage location is then determined.
The disadvantage of this approach is that it is based on the approximation that the
incoming damage reflection to the phased array is a (linear) wavefront and not a curved
wave, as it is in reality. This approximation gives acceptable results for the determination
of damage location, when the damage is sufficiently far from the array and the section of
its reflected wave arriving to the phased array is approximately linear. However, when

damages are close to the array, damage location is not accurate enough.

This approach can be used with either a single or a phased array actuation and can be
applied in a supervised or unsupervised method. In the supervised approach, the
(potential damage) reflections are searched for directly in the sensor signals obtained
from scans for the current health condition of the component being inspected. There is no
need in this mode of previously saved signals for a reference state (undamaged or with
known damages, to monitor new damages and damage growth) and then no subtractions
or comparisons are done. Since no subtractions are performed, the current signals to be

analyzed will present all reflections from boundaries and other intrinsic geometric or
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material discontinuities in the component. To distinguish a potential damage reflection

from these reflections a supervised approach is required.

In the unsupervised approach, with the execution of subtractions between current and
reference signals, potential damage reflections are enhanced (with relation to the
disappearing boundary reflections) and easier to detect in the sensor signals. Besides this,
the unsupervised method presents advantages towards a more global automation of the

damage detection process.

To refer that the application of the supervised approach, depending on the direct
detection of potential damage reflections in the current sensor signals, requires such
reflections to present considerable amplitudes in order to be identified from the remaining
noise in the signal (higher SNR). To achieve this, an increased actuation power and/or the
enhancement of sensor signals (through the previously referred phased array sensing
method) are required. To note that, due to this aspect, this approach will present better
results when a phased array based scan/inspection is applied. In the previous
development of transducer networks, due to the characteristic individual actuation, it was
verified that the application of this method was not possible — low SNR -, with the

reflections being less easily directly detected in the sensor signal analysis.

Either in the previous method or on the second one, to present next, to decrease the
random influence of noise in sensor signals and since the execution of one scan takes less
than 1ms, it was decided to repeat consecutively (fifty times) the execution of the same
inspection scan (with the wavefront propagating in the same direction, i.e., the same
inspection direction/region). This was performed for each and all scans executed (for the
entire component, considering all inspection directions), both for the reference and actual
health conditions, saving all corresponding sensor signals. After performing the multiple
repeated scans, sensor signals corresponding to each transducer and for each scan
direction are averaged, maximized and minimized for each and all times. Based in a
Gaussian distribution approach new maximums and minimums corresponding to a 90%
probability that the signal will be contained in such range, are determined, for all times.
Signal bands are then obtained for all sensor signals corresponding to the actual and

reference conditions of the component, for all scans, i.e., inspection directions.
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Specifically for the unsupervised approach, the comparison of sensor signals for current
and reference states, for each of the different scans (and for each sensor), is then based on
the verification of when the current health state corresponding signal band differs from

the reference band by more than 50% of its width.

In the damage detection procedure to be applied, all possible reflections are considered.
Particularly in the unsupervised mode, all differences determined between actual and
reference state corresponding sensor signal bands are used. These will include the
potential damage reflections and false positives resulting from noise influence. To further
contribute for the reduction of the influence of (random) noise and resulting false
indications, the possible damage locations to be determined for each reflection, for each
sensor signal and for each inspection scan (for every deployment of the array for the
same and different directions of inspection, or directions of propagation of the wavefront)
are superimposed — being equivalent to perform the intersection of all possible damage
locations and forming a damage index. In this manner, it is predicted that the indication
of damage positions will be enhanced with relation to false positives, since the
probability of the intersection of the random false indications - resulting from (random)

noise - to fall in the same position is reduced.

The second procedure was derived from the Time of Flight determination of damage
reflections, considering the excited wavefront and the wave reflection generated by the
damage (in this case considered as a curved circular wave propagating and not as a linear

wavefront). The procedure is depicted in Fig. 5.6.
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Figure 5.6: Developed damage location algorithm.

For each transducer in the array and for each scan (inspection direction) its sensed
signal (band) is searched for potential damage reflections. In this procedure the ToF
determined concurrently by the first method is also used. As referred previously, the ToF
of all reflections are considered, in this case until the ToF of the reflection of the farthest
boundary (corner) with relation to the phased array is reached - since the damage is

contained in the component.

Since the signals from the individual sensors are considered in this method, although
the phased actuation is applied, the reflections to be searched for will not be directly
enhanced by the phased array sensing method. Since it will be prone to give better results
with such expected smaller reflection amplitudes, it was considered the application of an
unsupervised approach with this method, i.e., considering the comparison/subtraction to a
baseline, or reference health state corresponding signals (obtained in previous scans and

saved), and then determining the outliers.

In this damage detection technique, the known direction of propagation of the
wavefront (predetermined by the phase delays), or the predetermined inspection direction
is marked for each one of the sensors in the array, for the specific scan. All the Time of

Flights considered are then related with the corresponding total traveled distance of the
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activated wavefront and reflected wave. As referred before, damage distance,
corresponding to half of the total traveled distance is determined and marked in the
inspection direction lines for each and all PZTs - in Fig. 5.6, corresponding to the
intersection point of the line representing the wavefront propagation direction and the line
marked as wavefront at 7, (in light blue). Departing from each of those initial points and
through the Time of Flight, parabolas are determined for each PZT. Each parabola is
symmetric with relation to the inspection direction line passing through the
corresponding transducer. It has its focus point in the corresponding transducer
considered and its directrix parallel to the generated wavefront at a distance from the
transducer corresponding to the Time of Flight previously determined — considering the
known wavefront (wave) propagation velocity. The intersection of all the parabolas will
determine (enhancing) the damage location, eliminating (or decreasing the relative

importance of) the false indications.

In this process, the computational time required for the determination of the equations
of the parabolas and their intersections is considerable. Furthermore, some potential
imprecision in the determination of such equations must be accounted for. This results in
a possible space imprecision in the determination of the parabolas, derived from errors in
sensor signal time and consequent determination of ToF. If these errors are of enough

magnitude, the different parabolas might not even generate any feasible intersection.

Considering these aspects and to decrease their potential negative effects, in the code
created, the plate is meshed numerically (in a similar fashion as was performed before to
obtain the scan results in Fig. 5.4). A quadrangular, single layer mesh is applied with a
spacing of Smm. An array of 300 x 300 (for the 1.5m x 1.5m plate) is created,
corresponding each of its positions to one point in the mesh — the point in the first line
and first column corresponds to the left corner in the boundary closer to the phased array,
with the columns representing the points in a direction parallel to the phased array. In a
first approach parabolas’ equations are determined and a region of influence of Smm is
created around each parabola. For each parabola, each point in the mesh is verified if it
falls in the region of influence of such parabola. If this condition is verified a unity value
is introduced in the array, in the corresponding position. For the subsequently considered

parabolas the unity values are added to the values already existing in the array in the
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corresponding positions — superimposed results. The point in the mesh with higher final
value (damage index) will correspond to the damage position. To decrease the processing
time, only the points in the mesh in a region delimited by the inspection region (in
between, or delimited by the dashed yellow lines in Fig. 5.6) and by the wavefront
passing in the initially determined points (wavefront at #,,, in Fig. 5.6, marked in light
blue) are considered. As referred before, the inspection region is determined by the
aperture angle of the phased array, centered in the propagation direction of the
corresponding scan. This first approach revealed to be still time consuming. In a second
approach, the distance of each point in the mesh to the considered transducer in the
phased array is determined and introduced in a new array created similarly as the one
referred before. This process is repeated, with the generation of seven arrays, one for
each transducer. A range of distances obtained from the predetermined damage distance,
plus or minus Smm, is established. It is then verified if each distance in each array falls in
that range — for all potential damage distances and for all sensor and scans (considering
that the different directions of inspection were selected to promote a slight superposition
of the different corresponding inspection regions). If this condition is verified a unity
value is introduced in the array, in the corresponding position and the subsequent process
referred for the first approach is then executed. In the end, all the values in the resultant,
final matrix are divided by the highest value, becoming then a percentage, proportional to
the highest (equal to one in the position corresponding to the highest value) and lowest
probability of damage existing in such region. This is the approach that was used in the

end, since it enabled a considerable reduction of processing time.

With this method the determination of damage location is performed with a precision
of S5Smm, i.e., it will be contained in a circle region with Smm of diameter, around the

determined point in the mesh (related with the mesh spacing).

5.2 - Damage Detection Experiments

The phased array system was then experimentally tested in the 1.5m x 1.5m x 2mm
aluminum plate, subject to different boundary conditions, ranging from totally supported

(to increase Lamb waves propagation damping), to simply supported and riveted in the
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boundaries. The experimental setup is presented in Fig. 5.7. The experiments were
conducted firstly in a laboratory setting and afterwards in an aircraft maintenance hangar,
with no surrounding noise control and limited temperature control. Experiments were
performed with the introduction (cumulatively) of surface and through the thickness
circular holes and cuts (with different orientations), with a maximum dimension of 1mm,
to simulate damage — Fig. 5.8. Damages were not inflicted around the phased array,

respecting the non inspected distance, previously referred in Section 4.4, of 55mm.

Figure 5.8: Plate’s inflicted damage types.
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A total of 46 damages were introduced cumulatively in the aluminum plate. From
these, 17 damages were simulated by through the thickness holes, 7 damages by surface
holes, 9 damages by surface cuts - 3 oriented in a radial direction considering the center
as the phased array, 2 oriented perpendicular to the local radial direction, 1 at 45° from
the local radial direction and 3 randomly oriented, at an angle (around 30° and 60°) with
the local radial direction - and 13 damages by through the thickness cuts - 5 oriented in a
radial direction considering the center as the phased array, 2 oriented perpendicular to the
local radial direction, 2 at 45° from the local radial direction and 4 randomly oriented, at
an angle with the local radial direction). The aluminum plate is presented in Fig. 5.9, after
all the tests performed (scans/damage detection), i.e., with all inflicted damages (after all
damages were applied cumulatively). The position of the phased array is depicted, as it is

the positions of the inflicted damages.

Phased Array Position \4

Figure 5.9: Aluminum plate with all, cumulatively, introduced damages (positions).
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The simulated damages were successfully detected, with the only exceptions being
damages created behind other damages previously introduced, i.e., in the same radial
direction, with relation to the phased array (originating in the phased array) and also 60%
of the cuts aligned with wavefront propagation directions, since their thickness was

inferior to 1mm.

The software for automated inspection previously developed for networks [4, 5] (in
LABVIEW®, with embedded MATLAB® codes for signal processing and to implement
the damage detection algorithms) was adapted for the phased array system. Subsequently
the software for networks and the software for phased arrays were integrated as two
modules of an inspection software that can be applied for both network and phased array
configurations. The user interface windows developed for the application of the phased

array system are presented in the following figures.

In Fig. 5.10, the setup window is presented. Through this interface the user informs the
code of the sampling rate used; the number of peaks in the actuation wave; the S
velocity; the phased array aperture angle to define the inspection region in each scan; the
plate dimensions; and the location in the plate of the phased array (transducers). Since
this is a test code, the user can also introduce the position of the inflicted damage to be

compared afterwards with the detected damage position determined by the system.

I/C Options Specimen Data

General Options

¢ ¢
r £

¢ ¢

C e

Figure 5.10: Setup window.
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In the data acquisition window, presented in Fig. 5.11, the user defines the folder to
save the data, or optionally where the baseline data was saved. The number of scans to be
performed, to inspect the entire plate, and the number of repetitions to be performed for
each scan are also introduced by the user, accordingly to what was set in the actuation
system and specifically in the master MCU code. The frequency of actuation is
introduced and the delay time between consecutive scans is set. This delay time should be
introduced by the user, accounting for enough time in between consecutive scans to allow
for the damping of all propagation waves and reflections generated from the previous
scan. Furthermore, the user can select to apply a band-pass filter to the sensor signals
acquired (centered in the inputted actuation frequency), before data post-processing. In
this window the trigger signal for the phased array actuation system is presented, as the

actuation and sensor signals, in real time.
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Figure 5.11: Phased array data acquisition window.

To enable the user to verify the delays introduced by the generation system in the
phased actuation and the corresponding inspection direction, a window was also created
with that objective — Fig. 5.12. This is based on the detection of the actuation peaks for

each transducer.
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General Options

Figure 5.12: Phased array delays verification window.

A window was then created for the user to set and trigger the inspection system — Fig.
5.13. In this window the user can define the mesh spacing and possible post processing
algorithms to be applied. The folders to save data in the different steps of the data post
processing procedure are established by the user, including the folder where the final

results will be saved.
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Figure 5.13: Phased array damage location window.



124
A typical results window from the code is shown in Fig. 5.14. In this plot the

superimposed solution (tomography based) is presented to the user — as the plot of the
resultant, final matrix described and obtained through the method explained in the end of
section 5.1. In this particular case an existing through the thickness circular hole of
0.5mm in diameter was enlarged to Imm in diameter (in the position in the plate
presented as dark red in the plot). In these plots the most probable region where damage
exists appears in dark red and the lowest probable areas in dark blue, passing by light red,
orange, yellow, green and light blue. This result is presented to prove the capability of the
system to monitor damage growth (in steps inferior to Imm), since the baseline used, i.e.,
the reference health condition of the plate considered for comparison/subtraction was for

an existing damage of 0.5mm, then enlarged by another 0.5mm.

In Fig. 5.14, it is also presented the results given by the code — obtained from the
values of the final matrix -, representing the six areas with highest probability of damage
existence (normalized to one, by the damage index/probability of the most probable area).
In these results, the coordinate system’s origin is positioned in the center of the phased
array, with the X axis being parallel to the array direction (pointing to the right side in the
figure) and the Y axis being perpendicular to the array (pointing upwards).

In this plot, the remaining colors represent the consideration by the system of false
positives, due to noise (interfering more, usually, with boundary and other damage
reflections), and also due to the intrinsic and inevitable generation of other waves (with
smaller amplitude) than the wavefront and corresponding generated reflections in the
damage (where mode conversion could also happen). Those additional waves/wavefronts
include Sy wavefronts of smaller amplitude, with relation to the main wavefront (being
generated and propagating before and after such wavefront, due to the actuation signal
morphology), with the same propagation direction and velocity; and include also A4
waves and wavefronts (different mode - first anti-symmetric Lamb wave mode),
propagating with different velocities and then in different directions than the S,
wavefronts. The existence of other Sy waves/wavefronts (propagating just before and
after the main wavefront) and corresponding damage reflections will be responsible for
the determination of different ToFs and then for shifting the determined damage position

along the inspection direction. The existing A, waves/wavefronts (propagating in
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different directions and with different propagation velocities) will be responsible for the

determination of damage positions in directions apart from the inspection direction.

X (m) Y (m) Probability
0.26 1.05 1
0.22 1.07 0.82
0.625 0.3 0.6
0.72 0.72 0.55
0.55 0.9 0.5
0.5 0.8 0.45

Figure 5.14: Damage location contour output.
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Chapter 6

Conclusions

During this work a linear phased array for damage detection in plate like or shell like
structures was developed. The implemented phased array was based on disc shaped PZT
transducers for the excitation of Lamb waves. Specifically, this SHM system was based
on the first symmetric mode (Sy) of Lamb waves. The most important advantages and
simultaneously the main difficulties in the application of the Sy mode that were surpassed
with this work are related with its high propagation velocity. The advantages are that,
with the application of this wave mode and its high propagation velocity, this wave and
its reflection suffer a small interference from lower propagating waves (modes).
Furthermore, due to their deformation pattern they are more prone to detect any types of
damage in the components, being easier to deal with, while presenting small amplitude
propagation damping. Regarding obstacles that were overcome, due to such high
propagation velocity, difficulties emerge in the generation of wavefronts resulting from
the constructive interference of waves generated by the single actuators in the array and
particularly in the precise establishment of the small time delays required for the phased
actuation. One other difficulty is related with the small amplitude of damage reflected
waves. This negative aspect is diminished by the use of the phased array and
beamforming, increasing the amplitude of actuation and then the amplitude and SNR of
reflections. Furthermore, with the application of a phased array, an entire component can
be inspected by performing several scans in which the inspection direction is defined and
changed from scan to scan. In this manner the inspection region is delimited for each
scan, resulting in an intensification of inspection effort in such a region, decreasing
simultaneously the complexity and increasing the precision of the inspection process.
Also in the actuation of Lamb waves, their dispersive behaviour, i.e., the dependency of

their propagation velocity to their frequency, must be accounted for. This means that the
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actuation signal waveform must excite one single frequency, to obtain a wave with a

particular frequency, propagating with a unique velocity.

To achieve the final objective of developing such a phased array SHM system,
conventional NDT&E ultrasound systems were studied and the need for their
replacement and implementation of SHM to aircraft structures was established. With the
requirements established for such an SHM system, techniques under research were
briefly referred. Afterwards, Lamb waves propagation behaviour was derived and
carefully analyzed. With the obtained dispersion curves and tuning the system for the
excitation of Sy wavefronts, actuation frequency and actuation signal, the propagation
velocity for the S) Lamb waves (and wavefront) and the dimensions of the PZT

transducers to be used were determined for a representative aluminum plate, 2mm thick.

A dedicated actuation system, required for the phased generation of the waves and
wavefront was developed. This system is based on a master MCU circuit, controlling the
phased activation of slave channels. The master MCU has programmed the time delays to
be applied for the phased activation for each and all scan (directions) to be implemented.
Furthermore, in that code the number of scans and scan repetitions are also determined.
The slave circuits/channels, connected to each PZT in the array, generate the correct
actuation signal waveform. In these circuits, an output switch was applied to match the
impedance of actuation and acquisition systems, what is a usual problem in the current
existing systems. With the use of such switch, measured wave amplitudes were increased

significantly.

The final actuation system was tested. The correct determined inspection directions and
the array aperture were verified. The actuation system presented errors inferior to 6% and
3%, respectively in the relative amplitude and time (and frequency) of excited waves and

wavefront generation.

Finally, experiments were performed with the application of the phased array SHM
system. An aluminum plate 1.5m x 1.5m x 2mm was used, as representative of most
aircraft structural components — since these can be divide in the majority of cases into
plate like or low curvature like shells. The plate was subject to different boundary

conditions ranging from totally supported (to increase Lamb waves propagation
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damping), to simply supported and riveted in the boundaries. The experiments were
conducted firstly in a laboratory setting and afterwards in an aircraft maintenance hangar,

with no surrounding noise control and limited temperature control.

Experiments were performed with the introduction (cumulatively) of surface and
through the thickness circular holes and cuts (with different orientations), with a
maximum dimension of lmm, to simulate damage. The simulated damages were
successfully detected. The only exceptions were damages created behind other damages
previously introduced, i.e., in the same radial direction, with relation to the phased array
(originating in the phased array). To refer also that cuts aligned with wavefront
propagation directions were more difficult to detect, since their thickness was inferior to

1mm.

For the experimental setup, a NI acquisition equipment was used, particularly a NI
PXI-5105, 8 channels with simultaneous sampling oscilloscope, and a LABVIEW® code
(with embedded MATLAB® codes) was developed to implement the interface for the
SHM system and the damage detection process. This code performs signal processing

and applies the developed damage detection algorithms in an automatic manner.

6.1 - Future Work

Some of the future work being considered can be summarized in the following points:

- application of transducers in the opposite face of the plate with relation to the
implemented phased array, to enhance the selective excitation of the Lamb wave
modes and wavefronts. If the transducers are actuated in phase with the phased array,
the Sy mode will be enhanced, while if excited in opposite phase, the 49 mode will be

enhanced;

- execute experiments for damage detection and location with the introduction of
riveted stringers in the plate. These experiments will be focused in the verification of
the capabilities of the phased array SHM system to detect and locate damage beyond
such structural reinforcements and rivet lines, with relation to the phased array

position — this is an interesting aspect to consider, since the rivets and structural
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reinforcements existing in typical aircraft structures will introduce damping and will
scatter the waves, introducing considerable reflections in the wave propagation

pattern;

- verify damage detection capabilities of the current system to detect and locate

damages initiating in rivets and in between rivet lines, and connecting rivets;

- consider different array configurations, such as stars, crosses and circular arrays, and
the application of curved, focusing wavefronts after the determination of damage
location through the use of linear wavefronts. The curved wavefronts would then be

focused in such region, further increasing their amplitude;
- develop dedicated data acquisition boards and wireless systems;

- perform experiments in orthotropic (composite) materials, considering that the
properties of these materials and consequently the propagation velocities are

dependent on the direction considered;
- apply a mixed phased array and network SHM system;

- integrate the PZT phased array with FBG networks — particularly interesting for the
application to composite materials, since FBGs can be easily embedded during the
manufacturing process of those materials, while presenting an extremely small

weight, what is important for the application to aircraft;

- integrate this system with other SHM techniques, such as low frequency or vibration
based SHM methods, enabling damage detection in structural elements such as

stringers and other structural reinforcements;
- perform tests in real aircraft structures in operation;

- investigate the possibility to create smart rivets, by integrating active PZT elements
with such connecting elements, reducing weight, the number of transducers required,
protecting the transducer and increasing the transducer life through such integration,

while facilitating their replacement and access to them;
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- implement Neural Networks to learn with the present system and to apply, in the
future, the damage detection and location method, in an effort to decrease the

computational time and to increase the precision of the SHM system;

- implement algorithms to characterize damage after damage location — to determine
damage dimensions, shape and orientation, enabling the application of Damage
Prognosis (calculating damage growth/propagation rate) to determine the Remaining

Useful Life (RUL) of the component for a certain, typical load spectrum.
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