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INTRODUCTION

Motivation and relevance of work

Structural integrity assessment is an evaluation of the integrity and
conformity of a structure for its reliable performance operation over a set duration
under varying loading conditions providing the fact that defects/damages or flaws
are detected correctly. In most industrial and household applications, such as
nuclear and green energy applications, renewable energy applications (wind and
tidal power plants), pipelines and storage tanks, construction industry, structures
in the ground, water and aerospace applications are constructed from composite
materials. Composite materials are used rather intensively due to their lightweight,
high compressive and tensile strengths, high stiffness and low density, flexibility,
lower maintenance and non-corrosive nature (1). Generally, the composite materials
are classified based on their matrix materials (2). Out of the various composite
materials, the fiber-reinforced plastics (FRP) are widely used for providing the lower
weight and height strength to the structures (3). The carbon fiber-reinforced plastic
(CFRP) and glass fiber-reinforced plastic (GFRP) are the most common FRPs to
manufacture the components of the structures operating under cyclic loads including
aircraft wings and wind turbine blades (4, 5). In spite of all favorable features and a
wide range of applications the composites contain, the failure in the components of
composite structures may occur either in-service or during the manufacturing
procedure (6, 7) which can be described as follows:

e  Manufacturing defects: Bonding defects, flaws due to porosity, incorrect
fiber volume due to extra/insufficient resins, misaligned fibers, cracks in ply
and delamination.

e In-service defects: Cracks, fractures, buckling of fibers, delamination due to
bond failures, failure at the interface between fiber and matrix or moisture
damage.

In order to keep the infrastructures properly functioning and avoid their failures,
regular maintenance and inspection are necessary. Researchers have already found
that the cost involving maintenance and inspection of aircraft corresponds to 25% of
its entire life-cycle cost (8, 9). Thus, structural health monitoring (SHM) systems are
implemented on the composite structures to reduce the maintenance cost and prevent
system failures (10). Previous works suggest that an optimal SHM system can
effectively reduce the maintenance and inspection cost by 30% to 40 % (11, 12). The
transducers/sensors in SHM systems are used for recording the data and extracting the
features of defects/damages from the recorded signals (13). Many non-destructive
testing (NDT) methods have been developed for the identification, location and
estimation of defects in SHM of structures such as ultrasonic testing, radiographic
testing, electromagnetic testing, etc.

Among all the available NDT techniques, ultrasonic guided wave (GW) testing
has been the most promising due to its high sensitivity to the defects and wide
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coverage region (14, 15). Moreover, GW testing is fast, can cover up the defective
regions to reasonable distances and have the ability to detect defects under ground,
water or a layer of insulation (16, 17, 18). In comparison to guided wave testing, bulk
wave testing is tedious and time-consuming, requires high-level training, uses the
point-by-point scanning method and needs a visible area and accessibility of the
defective region (19, 20). Due to the high sensitivity of GWSs to the variation in
modulus of elasticity (E) of the material under testing and minimal amplitude damping
of propagating wave modes, only a few measurements are required for the inspection
of large infrastructures to detect internal and surface defects (20, 21, 22). Researchers
have successfully utilized the GWs for inspecting defects/damages in metallic
structures (23), concrete structures (24, 25), pipes (26, 27, 28) and composite
structures (29, 30, 31, 32, 33, 34, 35).

The ultrasonic GW testing is an effective inspection technique for estimating
the location (a distance of the edge of defect from the initial/first scanned point) and
the size of defects/damages in various composite structures. However, high
attenuation of guided wave modes may occur due to the multi-layered and non-
homogeneous structures associated with the composites (36). The interaction of
ultrasonic guided waves with the composite structures depends on many factors which
include the excitation frequency, material properties, the geometry of the structure
and the direction of propagating waves (37, 38, 39). The possible mechanisms that
may occur during the interaction of ultrasonic GW with the layered structure of
composites are reflection or refraction of wave modes, scattering and mode
conversions. It increases the complexity in the received ultrasonic signals so that the
extraction of defects-related information becomes very complicated which can be
overcome by applying an appropriate signal processing technique.

The conventional C-scan process is practically not suitable for large-sized
composite structures with complex geometries. If the transducers are able to be
scanned over defects, the acquired B-scan or few A-scans are the fast and economical
approaches in the GW testing for large structures. In this work, only a B-scan or A-
scans are utilized for further processing in order to detect and estimate the defects in
the composite structure and compare the GW characteristics in the defect-free and
defective regions. However, the accuracy of estimation of size and location of defects
depends on various factors such as GW properties, the type of transducers and material
or excitation frequency, etc. Generally, a comparison of the reference and current
states of the system has a major role in a successful SHM system (40, 41). In the case
of contact transducers attached to the structure, the reference data in the damage-free
region is calculated by estimating the initial time-signals between all possible
combinations of transducer-pairs. The algebraic difference between the reference and
current time signals provides information about the damage by eliminating the
boundary reflections (42, 43). This technique has some serious limitations, such as
complexities associated with the calibration and verification of SHM system and
provides no information about the size, location and type of defects other than the
little information about the presence of defects. Therefore, more efforts are required
to develop effective measurement techniques including the adaptation of post-
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processing of GW signals to increase the efficiency of an NDT and SHM system for
real-time applications. The correct combination of experimental analysis and signal
processing approaches to process the GW signals leads to obtaining significant results.

During the investigation of a sample, GW transducers can be utilized in different
ways. The measurement set-up irrespective of other concerned parameters also
depends on the size or length of the structure and in accordance, the combination of
transducers can be selected. In this thesis, the segment of WTB constructed from
GFRP has been considered as an object (see Chapter 2 and Chapter 4 for details).
Most of the scientific research work and commercial testing of WTB based on contact
ultrasound has been performed by utilizing the ultrasonic phased array methods and
ultrasonic pulse-echo techniques (44, 45, 46, 47). The inspection time and complexity
in the testing of WTB is associated with the layered structure, type of defects and the
length of the blade. In comparison to the pulse-echo, the pitch-catch technique is more
flexible in terms of transducer placement. Moreover, it reduces the complexity and
cost associated with the phased-array technique due to the usage of a lesser number
of devices. Additionally, the measurement techniques can be developed depending on
the length of the structure by using a suitable configuration of transducers operating
in the pitch-catch mode.

Keeping this motivation in mind, two different measurement techniques (e.g.
for small and large structures) with less complexity and more flexibility can be
developed by using only two contact-type transducers operating in a pitch-catch
mode. Two transducers separated by a shorter distance (few wavelengths of
propagating wave modes or few tens of millimeter) and operating in a pitch-catch
mode could be used for testing the structure containing defects at shorter distances
from the GW transmitter/receiver. Keeping the shorter distance between both
transducers fixed also reduces the attenuation and dispersion losses due to the distance
between transducers.

However, low-frequency (LF) GWs can travel long distances and this feature
is very useful for NDT and SHM of larger structures. Therefore, in the second case,
an ultrasonic GW transducer (transmitter) can be glued/embedded within a structure
at a certain position and a distant receiver can be scanned over the defective regions
at longer distances from the ultrasonic transmitter. However, this long-distance
measurement set-up using ultrasonic GWs highly depends on the location,
displacement characteristics and region and direction of coverage (directivity pattern)
of the embedded/glued transmitting transducers. Therefore, in order to improve the
accuracy of measurement, prior information of the displacement characteristics and
directivity pattern of a transmitter is of as much importance as the investigation of
defects with a fixed transmitter and a scanning receiver especially in the case of
glued/embedded transmitter. In both GW measurement techniques (short-distance and
long-distance), the appropriate signal-processing methods depending on the
parametric characteristics of the receiver signal should be developed for the estimation
of defect parameters (size and location) and GW characteristics (time of arrival,
instantaneous amplitude/frequency characteristics, phase velocity of propagating
wave modes, etc.).
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Therefore, the detection and estimation of the presented defects or damages on
the composite structures and the characteristics of GWSs in defective regions can be
performed in an effective manner by using the following procedures:

1. The contact-type measurement technique for short-distance (between
transmitter and receiver) GW testing of the composite structure can be
developed by using a pair of point-type contact ultrasonic transducers.

2. The contact-type measurement technique for longer distance (between
transmitter and receiver) GW testing or for the inspection of large composite
structures, can be developed by a thin and compact-sized embedded/glued
transmitter and a scanning receiver/transducers. For a glued/embedded
transmitter to be used for long-range GW testing, the characteristics of a
transmitter such as directivity and three-dimensional (3D) displacements
profile could be analyzed to assure the correct placement of the transducer
and effective generation of GWSs on the structure under investigation.

e The three-dimensional (3D) characteristics of a transducer can provide
the behavior of transducer in-plane (displacements along the direction
of wave propagation and perpendicular direction of wave propagation)
and out-of-plane directions. Moreover, the obtained characteristics can
be compared with the manufacturer data-sheet in order to validate if
the transducer itself is a defect-free before embedding/gluing it on the
structure (48).

e The directivity of the sensors/transducers can be calculated of the
transducer to be embedded or glued for effective coverage of the
damaged region of the structure under test. Moreover, prior knowledge
of directivity patterns of the transducers facilitates in choice of an
appropriate excitation frequency, the propagating wave modes of
interest and the suitable configuration of transducers (49, 50).

3. The experimental unprocessed GW signals are not enough to locate, size or
characterize internal defects. Appropriate signal processing techniques
should be applied for the post-processing of received ultrasonic GW signals
to improve the estimation and characterization of defects by analyzing the
variations in signal parameters such as amplitude, time of flight, frequency,
etc. in the defect-free and defective regions. The signal processing of
ultrasonic GW signals enhances the reliability of the SHM system (15, 51,
52,53, 54, 55).

It leads to the scientific hypothesis that the flexible and cost-effective pitch-
catch technique can be utilized in an effective manner to develop contact-type
measurement techniques for the inspection of smaller and larger multi-layered
composite structures by ultrasonic guided waves. These techniques can be combined
with the signal processing approaches for the estimation and characterization of
defects by dealing with the complexity associated with the GWs (reflection,
refraction, mode conversion and scattering of propagating wave modes) during its
interaction with multi-layered composite structures.
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Objective and tasks

The primary objective of the thesis is to propose two flexible and cost-
effective contact-type measurement techniques in pitch-catch mode and based on
short-distance and long-distance GWs for the detection and estimation of the disbond-
type defects in smaller and larger multi-layered composite structures. The sub-
objectives are the utilization of various signal-processing techniques to de-noise and
process the experimental signals in order to improve the accuracy of defect estimation
and analysis of instantaneous characteristics of GWs.

The following tasks were formulated in a sequential order to achieve the objective.
1.

To review literature regarding GW generation, NDT of composites using
ultrasonic GWSs, contact and non-contact ultrasonic NDT methods, signal-
processing technigues to process ultrasonic signals.

To investigate the composite structures for the identification of disbond-type
defects by developing a measurement technique based on a pair of point-type
contact GW transducers (if the receiver is at a short distance from the
transmitter) and appropriate signal processing techniques to locate and size
the defect, and analyze the GW characteristics in the defective regions.

To explore the feasibility of P1-type macro-fiber composite (MFC) transducer
for long-range GW testing for defect estimation by investigating its 3D
displacement characteristics.

To develop and validate a simplified two-dimensional (2D) analytical model
to predict the directivity patterns of contact-type GW transducers which can
be glued on/fembedded into the surface of the structure (e.g., an MFC
transducer).

To investigate the composite structures for the identification of disbond-type
defects by gluing a P1-MFC transducer (transmitter) and a point-type contact
ultrasonic receiver (if the receiver is far away from the transmitter) with the
application of appropriate signal processing techniques to locate and size the
defects, and analyze the GW characteristics.

Scientific novelty of the work
1.

12

Two cost-effective contact-type measurement techniques with more
flexibility and less complexity for the inspection of smaller and larger
composite structures using GWs are proposed based on the pitch-catch
operation.

e The utilization of two point-type transducers fixed on a moving
panel in the case of short-distance GW testing reduces the
attenuation and dispersion losses due to the change in distance
between the transmitter and receiver. Moreover, the usage of point-
type transducers operating in thickness mode (i.e. high sensitivity to
out-of-plane radiations or amplitude variations) leads to apply the



simple amplitude detection techniques for the identification of
defects in linear scanning. It is also proposed that reducing the fixed
distance between the two transducers could increase the accuracy of
defect estimation which in turn provides the motivation to develop
a new configuration of pair of transducers to locate and size the
smaller defects.

e Itisproposed that the frequency-dependent glued (MFC) transducer
and a contact-type transducer can be used to inspect larger
structures. The P1-type MFC transducer has a dominant d33 or
elongation mode. However, the high directivity of out-of-plane
radiations of the MFC transducer at resonant frequency facilitates
to create a simple configuration of MFC and contact-type transducer
to acquire the dominant Ao mode for the analysis of defects on the
structure.

It is proposed that 3D spatial characteristics of unloaded and vibrating MFC
transducer can ensure that the transducer itself is defect-free to be used in
the ultrasonic NDT of structures. It is also demonstrated that accurate 3D
characteristics can ensure the suitability of typical GW modes to be used in
SHM and NDT applications.

A novel 2D analytical model is proposed which could predict the directivity
or coverage region of any contact-type transducer for different propagating
wave modes at any frequency and propagating medium. Knowing the
location for of transducers placement could increase the accuracy of the
measurement process. Moreover, it takes a significantly shorter time to
estimate the directivity as compared to the numerical modelling and
experimental process.

In order to select the appropriate mother wavelet in DWT, the correlation of
original signal to the detailed signal at the highest level is proposed. Instead
of correlating the original signal from the transformed and de-noised signal,
considering only detailed signal at the highest level (contains most of the
signal information) reduces a considerable amount of computation time in
processing.

In order to estimate the instantaneous characteristics of a signal by Hilbert
transform the signal must be mono-component or close to the mono-
component. That is why we use the mode decomposition technique.
However, in multi-layered structures, the reflected signals from opposite
edges produce complexity in the mode decomposition process. It is proposed
to apply 2D-FFT in order to remove the reflected signals which in turn could
facilitate the mode decomposition technique in achieving mono-component
signals.
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Practical importance of the work

1.  The 3D characteristics of any GW transducer can provide the conformity
that a transducer is free from any manufacturing or in-service defects before
its application in the field of ultrasonic NDT and SHM. Therefore, it can
significantly contribute to the development of a reliable SHM system.

2. The fast-processing 2D analytical model can be used to predict the
directivity patterns of contact-type ultrasonic transducers at any distance and
excitation frequency by knowing the behavior of the transducer and the
dispersive characteristics of the propagating medium. Moreover, the correct
position, the number of transducers, specific transducer and wave modes for
the inspection of a particular type of defects using ultrasonic NDT can be
selected if the directivity pattern of a transducer is known.

3. The proposed measurement techniques and signal processing approaches
could play a vital role in detecting and locating defects and estimating the
GW characteristics, especially in structures with a complex geometry where
only one-side access is possible.

Presented results for the defense of the dissertation

1. The estimated three-dimensional characteristics of unloaded and vibrating
macro-fiber composite (MFC) transducer and its applicability in order to
predict the spatial displacements of GW modes.

2. The developed 2D analytical model based on Huygens’s principle and
validated by finite element (FE) analysis and experimental investigation,
which can calculate directivity patterns of contact-type GW transducers in
any propagation medium with known dispersive characteristics.

3. The development of measurement techniques based on short-distance and
long-distance GWs for the detection and estimation of the dis-bond type
defects located on small and large multi-layered composite structures.

4. Novel signal processing techniques applied on experimental signals for the
extraction of defect features (size and location) and GW characteristics in
the defect-free and defective region.

Approbation

The critical evaluation of the research work was presented during the period of
dissertation by the scientific community have been certified by 11 publications: 7
articles are published in international journals referred in Thomson Reuters IS Web
of Science (with impact factor), while other 4 publications are published in the
reviewed proceedings of international conferences indexed in Thomson Reuters ISI
Web of Science (without impact factor). The results were also presented in 7 scientific
conferences held in Vilnius, Prague, Funchal, and Belgrade. The doctoral scholarship
was provided by the Research Council of Lithuania for the entire duration (2014—
2018) of study. In 2016, a part of the research was granted a research scholarship by
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the INFOBALT Company. In 2017, a one-time scholarship provided by the Kaunas
University of Technology, Lithuania for the most active Ph.D. student was received.
In 2018, the academic-achievement scholarship provided by the research council of
Lithuania was received. In 2018, the European Structural Integrity Society (ESIS)
support for researchers was received.

Organization of the dissertation

The dissertation consists of an introduction, 5 chapters, overall conclusions of
the presented work, a list of references and scientific publications of the author. The
organization of the dissertation is as follows:

1.

In Chapter 1, the literature review of ultrasonic non-destructive testing
methods is presented, which reveals the basic features and limitations
associated with ultrasonic guided waves, the applicability of ultrasonic
guided waves in various composite structures, contact and non-contact
ultrasonic testing methods and presentation of ultrasonic data, the overview
of the significance of directivity and 3D displacement characteristics of the
transducer and various signal processing techniques for the post-processing
of ultrasonic GW signals are presented.

In Chapter 2, the measurement technique using contact-type transducers
with appropriate signal processing techniques in the case of short-distance
GW testing for the detection and estimation of the different-sized dis-bond
type defects located on the composite sample possessing the aerodynamic
profile has been presented. The characteristics of GWs in the defective
regions are also analyzed in comparison to the defect-free region.

In Chapter 3, the 3D spatial displacements and directivity characteristics of
an MFC transducer and its impact on SHM and long-distance GW testing
have been presented. It is also discussed how the 3D displacements and
accurate directivity pattern of a transducer can contribute to increasing the
reliability of the SHM system by knowing the directions/plane along which
the ultrasonic guide waves would be generated most effectively. A novel 2D
analytical model is also developed for the prediction of directivity patterns
of contact type ultrasonic transducers in the generation of GWs.

In Chapter 4, the measurement technique of gluing an MFC transducer and
contact-type receiver along with appropriate signal processing techniques in
the case of long-distance GW testing to extract the information of disbond-
type defects in the same sample as of Chapter 3 has been presented. This
technigue is more useful for structural health monitoring as a transmitter is
permanently fixed/glued on the structure.

In Chapter 5, the overall uncertainty of the proposed measurement
techniques has been calculated.
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1. ULTRASONIC NON-DESTRUCTIVE TESTING OF COMPOSITES
USING GUIDED WAVES

1.1 Fundamentals of guided waves and scanning methods

Sound waves which propagate beyond the range of human hearing capability
(above 20 kHz) are called ultrasound (56). In general, sound waves are a form of
mechanical vibrations which can propagate through different mediums i.e. liquids,
solids, or gases. The frequency of such vibrations can be expressed as (57):

Cc
f=7 (1.1)

where f is the frequency, / is the wavelength of a wave and c is the velocity of the
wave in the medium.

As the wave passes through the boundary of the interface between two materials,
a part of acoustic energy may be transmitted, reflected, or refracted and it can be
characterized by acoustic impedance (10, 57)

Z=p-cC (1.2)
where Z is the acoustic impedance and p is the density of the material.

The ultrasonic waves are categorized into two types: ultrasonic bulk waves and
ultrasonic guided waves. In general, bulk waves travel away from the boundary of the
testing structure. However, there may be the involvement of some boundary
interactions mechanism such as reflection, refraction and diffraction. In contrast,
ultrasonic guided waves propagate in the structure guided by its boundaries providing
that the thickness of the structure is lesser than the operating wavelength (4). Typical
GW results from the interference of longitudinal and shear waves (58). There may be
an infinite number of guided wave modes due to the involvement of boundary
conditions. Many types of guided waves such as Lamb waves, Rayleigh waves, and
Stonely waves are available (59). Although different guided wave modes typically
cause dispersion, mode conversion or other complexities and therefore limit their
usage in SHM of structures. But at the same time, the diversity and sensitivities
associated with different modes can contribute to other options for different SHM
applications. Guide Lamb waves discovered by Horace Lamb are fast and more
sensitive to the internal and surface defects, have the ability to travel a long distance
as compared to other available GW testing techniques for the plate-type structures
(60, 61, 62) and composite structures (63). Therefore, in this dissertation objects (Al
plate, GFRP etc.) are investigated by the fundamental guided Lamb waves. Hence, in
the context of the dissertation, ultrasonic GWs or simply GWSs can be referred as
guided Lamb waves.

The three most common techniques used for scanning in the process of
ultrasonic GW testing are: Pitch-catch (64, 65, 66, 67, 68), pulse-echo (69, 70, 71)
and phased-array method (72, 73, 74). The pulse-echo technique requires a single
transducer to be used as a transmitter and a receiver. The echoes are reflected back
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after interaction with the boundaries of the structure and based on the parameters
(arrival time, amplitude etc.), the defects and damages are estimated. The pitch-catch
technique uses two transducers for operating as a transmitter and a receiver. In the
phased-array technique, many transducers forming an array are placed with fixed
patterns. The high resolution and focused ultrasonic beam can be generated by
managing the relative phase of transducers. In comparison to conventional ultrasonic
inspection techniques, the phased-array method has an upper hand in terms of speed,
high resolution, electronic steering and flexibility in data processing. However, it
requires additional electronic devices which in turn increase the overall cost and
complexity of the system (75). Hence pitch-catch technique is the most suitable for
the SHM of composite structures and for the inspection of structures with one-side
access. Moreover, the pitch-catch technique is flexible in nature as the location of the
transmitter and receiver on the surface can be altered as per requirement. That is why
ultrasonic GW testing is the most effective scanning technique to investigate defects
located too far from the transmitter in the large composite structures. In this case, a
transmitter (e.g. MFC transducer) can be glued/fixed at one location and a distant
receiver is scanned away to cover the region of interest. In this dissertation, pitch-
catch scanning is utilized in all experiments.

1.2 Guided waves in plate-type structures

The generalized Navier equation of motion (59, 76) is used to formulate guided
Lamb waves in homogeneous and isotropic plate-type structures and given as

uul']] +(}J.+7\)U.LH +p fl =pP- ul,(l,]:1,2,3,4‘ ...... ) (13)
where ui is displacement and fi is the body force in xi direction; p is density; A is the
Lame constant [A = (2u-v)/(1 — 2v)], where v is the Poisson’s ratio and u is the

shear modulus)

Eqg. 1.1 is decomposed into two equations characterizing the longitudinal and shear
waves independently (12, 16, 59) by applying the Helmholtz decomposition method:

02 02 1 02
LA A S (1.4)
0x.% 0x3%2 % 0Ot?
02 02 1 92
Ld Ld =—- _1/) (1.5)
axlz a.X32 CTZ at2
where ® and ¥ are expressed as:
@ = @(x3) - expli(kx; — wt)]
= [A; sin(px3) + A, cos(px3)] - expli(kx; — wt)] (1.6)
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Y =1P(x3) - expli(kx; — wt)]
= [B; sin(px3) + B, cos(px3)] - expli(kx; — wt)] (1.7)

and p, g and k can be given by eq. 1.8:

0)2 wz 21
p2=——k2;q2=c——k2ik=_ (1.8)
L

where k is the wavenumber; o is the circular frequency; constants A, Az, B1, B2
characterize the boundary conditions; c. and cr denotes the velocities of longitudinal

- 2 1_
and shear waves, respectively (where ¢, = /p?l(_zzg ey = \/% ; xt and xs are the

coordinates along the length and width of the plate, respectively.

It should be noted that x: also signifies the direction of wave propagation. After
omitting the exponential term from the eq. 1.9 and eqg. 1.10, the displacements (u) and
stress (o) can be calculated (16, 59). Thereafter, the solution can be expressed
separately as two sets of equations for the symmetric (eg. 1.9) and asymmetric mode
(eg. 1.10), respectively (59, 77).

¢ = A cos(px3), Y = By sin(gxz),
u, = ikA, cos(pxs) + qB; cos(gx3),u, =0,
us = —pA, sin(pxz) + ikB, sin(qxs), (1.9
031 = u[—2ikpA, sin(pxs) + (k* — g*) - By sin(qx3)],
033 = —A(k? + q*)A; cos(pxs) — 2 u[p*A; cos(pxs) + ikqB; cos(qxs)]

@ = Ay sin(pxsz), Y = B, cos(qxs),
uy, = ikA; sin(px3) + qB; sin(gx3),u, =0,
us = —pA; cos(pxs) + ik B, cos(gxs), (1.10)
031 = u[—2ikpA; cos(px3) + (k*—q*) "B, cos(gx3)],
033 = —A(k? + q*)A; sin(px3) — 2 u[p?A; sin(px3) + ikqB, sin(qx;)]

where, u1 and ussignify the movement in x: direction (along with the direction of wave
propagation) and xs direction (across the plate thickness), respectively.

If h is half-thickness of the plate, the boundary conditions at the surface for finite-
domain GW propagation can be applied as (12, 16):

Q

031 =033 =0 forx; =th= iz (111)

The Lamb waves propagating through an isotropic medium, therefore, can be
characterized as (59, 78, 79):

(k? — q) -sin(qh) _ —2uikp - cos(qh)
2ikp -sin(ph)  [Ak? + Ap? + 2up?] - cos(ph)

(1.12)
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After considering the p, g, 4, cL and cr, the symmetric and asymmetric modes can be
described by the Rayleigh-Lamb wave eq. (1.13) and eq. (1.14), respectively (59, 78,
79):
tan(qh)  4k?qp
tan(ph) ~ [q2 — k2]
tan(qh) [q* — k?]?
tan(ph)  4k2qp
The phase velocity (vpn) of the GW modes can be calculated for a specific
frequency-thickness product (f-d) by using the eq. 1.13 and eq. 1.14. The group

velocity (Vo) can be calculated from phase velocity and specific frequency-thickness
product (59, 75):

(1.13)

(1.14)

dc -1
vrzcz[c —fd( p)] (1.15)
g p 14 dfd

There may be an infinite number of Lamb wave modes that can be propagated
in the object but the most common guided Lamb modes are symmetric (Sn),
asymmetric (An) and shear horizontal (SH») modes, where n (n =0,1,2...... o) is the
order of a specific mode (76, 80). The S» and An modes possess in-plane as well as
out-of-plane displacements. In-plane displacements are dominant in the S» mode
whereas An mode possesses more dominant out-of-plane displacements.

The SH» modes possess the particle displacements normal to the direction of
propagating wave and can be symmetrical or asymmetrical which are also called as
shear-horizontal and shear-vertical respectively. The SH,» mode can be expressed by
the following equation after considering (ur = us=0) (59):

0%u, 0%u, 1 0%u
0x,2  0x32  cp? Ot?

(1.16)

The solution to eg. (1.16) can be achieved by applying suitable boundary conditions

(x3 = O,aﬂ = 0) and can be expressed as (59):
0x3

Uy (x1,x3,t) = A- e P - expli(kx; — wt)] (1.17)

2
where b isequal to k [1 — (L) ] and A is the constant.
k-cp

Dispersion is one of the most important mechanisms in the field of ultrasonic
NDT using GWSs which describes the variation of group velocity and phase velocity
with respect to the frequency (f) of excitation and thickness (d) of material (81).
Dispersion can be expressed by phase velocity dispersion curves and group velocity
dispersion curves. The dispersion curve represents variation in phase velocity or group
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velocity of propagating GWs with respect to the f.d product. Theoretical dispersion
curves for 2 mm thick aluminum alloy plate with parameters (Young’s modulus (E)
equals 71 GPa, density (p) equals to 2780 kg/m*and Poisson’s ratio (v) equals to 0.33)
are calculated with the “Disperse” computational package (82) and shown in Fig. 1.1.
In LF ultrasonic (frequency less than 1 MHz) only the fundamental GW modes (the
So, Ao and SHo) are dominant. The velocities of waves at higher frequencies are
different as compared to the lower frequencies. Thus, a dispersive wave can be further
decomposed into different parts. Each part of the dispersive wave travels with
different velocity in comparison to the dispersive wave. The movement of individual
crests of the GW is characterized by phase velocity and the progression of wave
energy or the movement of GW packets is characterized by group velocity (83, 84).
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Fig. 1.1. Phase velocity (a) and group velocity (b) dispersive characteristics of 2 mm
aluminum plate generated by Disperse (75)

1.3 Guided lamb waves in composite materials

When GW propagate in a layered or composite material, the interaction of
waves with defects or the boundary of materials may lead to forming reflection,
scattering, refraction or mode conversion of GWSs. Due to the differences between
acoustic impedances of different layers of composites, a part of direct waves is
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reflected. Refraction occurs at oblique incidence and the rest of wave energy is
reflected. In this process, mode conversion also occurs. The porosity of the material
and curved shape of the defects causes wave scattering which results in the leakage or
loss of energy. Therefore, the complexity associated with these mechanisms and the
layered structure of composites itself creates more problems in the estimation of
defects and damages (85, 86). In this thesis, all analysis and NDT of composite
material has been performed by using guided Lamb waves. Hence, the focus is on the
characteristics of Lamb waves in multi-layered composite (e.g. GFRP) materials.
The relation between stress and strain for an anisotropic material is given as

(87):
011 [C11 Ciz2 Ci3 0 0 0 ] [511 ]
[022] Ciz G Cy3 O 0 0 || €22 |
‘733|_ Ciz Cy3 (33 O 0 0 €33
|623 ‘| 0 0 0 Cyu O 0 | 263 (1.18)
|o—13| 0 0 0 0 C55 0 2813
lod Lo 0 0 0 0 cl l2e]

where, C is the stiffness matrix, ¢ is strain tensor and ¢ is stress.

The symmetric mode and antisymmetric mode dispersion equations can be given by
eg. (1.19) and eq. (1.20), respectively (87):

(Cs3R_ky— + Cyzky) - (Riky + kzy).sin(kz i h) cos(k,_h) —

(CssRykys + Cysky) - (R_ky + k). sin(k,_h) cos(kyy h) (1.19)
(633R+kz+ + C13kx) ’ (R—kzx + kz—)-Sin(kz+h) cos(k,_h) —
(C33R_k,_ + Cyi3ky) - (Riky + k,y).sin(k,_h) cos(k,, h) (1.20)

(sz—cukxz—csskzi)z
(Cs5+C13)kykze
and k. are the wavenumbers in the direction of wave propagation (x) and along

direction of plate thickness (z).

It should be noted that the resulting stiffness matrix can be calculated as the
average of matrixes of particular layers if thicknesses of the layers are equal. The
example of the layered structure of composite is shown in Fig. 1.2.

where Rz is equal to , (R-and R+ corresponds to kz- and kz+); kx

0°
-45° y
+45°
90°

Fig. 1.2. Example of a layered composite sample: 0°/+45°/-45°/90°
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1.4 Contact and non-contact ultrasonic testing

The ultrasonic inspection technique can be categorized as a contact-type and
non-contact-type (7). The non-contact ultrasonic techniques are widely used to inspect
large structures without having any physical contact or coupling between the
transducer and surface of an object. These methods can be used in different
environments, for the inspection of different materials, at variable temperatures and
for structures which are not accessible easily from the test-site. The non-contact GW
inspection techniques, such as air-coupled method, laser ultrasonic, electromagnetic
acoustic transducers (EMATS) are widely used for testing composite structures using
guided Lamb waves (88).

A comparative analysis of such non-contact methods is presented in Tab. 1.1
(7). Although these techniques are able to inspect large structures in a shorter time,
each of them has certain limitations.

e Inboth the generation and reception of ultrasonic waves, laser ultrasonic can
be significantly used (89, 90). However, low receiver sensitivity is one of
the major limitations of this technique. Moreover, the reliability of this
technique depends on stable positioning of the laser. Hence, this method is
still a laboratory-based method.

e  Electromagnetic methods (EMAT) is more applicable on sites but they have
the limitations of lift-off distance (91). Hence the probe of EMT transducer
should be closer to the test surface. These methods are applicable only to
conducting materials.

e One of the most promising and widely used non-contact ultrasonic
techniques for the inspection of a larger region of composite structures is the
air-coupled method (92, 93, 94). The key limitations in this technique
include impedance mismatch between air and test materials, limited
frequency and attenuation of ultrasound in the air. They are better receivers
of ultrasound than transmitters.
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Table 1.1 A comparative analysis of non-contact ultrasonic methods (7)

Method Principle Merits Demerits
Electromagnetic Automatic Problem of lift-off
EMAT principle inspection distance, poor
transmitters, only for
conducting materials
Air-Coupled Acoustic impedance of Widely used, good Problem of acoustic
Generation and the two materials for long-distance impedance mismatch,
Detection inspection high attenuation of
ultrasound, etc.
Principle of radiation Good at high Laser needs to be in a
Laser pressure/Ablation/Therm temperature and stable position,

Generation/ o-elasticity remote environment | almost a laboratory
Interferometric method, low
Detection sensitivity of laser
interferometer
receiver
Laser LASER as a Transmitter Economical and Bad for remote
generation and | and EMAT as a receiver moderate SNR applications, EMAT
EMAT lift-off distance
detection problem

Hybrid Laser
Generation and

Both Laser and Air-
coupled mechanism.
Utilize broadband

Best for testing of
composites in a
remote area, can

Low SNR (spatial
modulation technique
or constrained source

Air-coupled LASER sources and generate ultrasonic can be used)
detection narrowband air-coupled | waves from tens of
receivers kHz up to MHz

There are some hybrid non-contact techniques which combine the strength of
two techniques. Oursler and Wagner (95) developed a hybrid system by combining
the laser and EMAT systems. The hybrid laser generation/EMAT detection system,
utilized the performance of laser for the highly efficient generation of angled shear
waves and the tuned EMAT transducer for the detection of ultrasound (96). This
system yielded the good SNR of received signals and it is much cheaper than the full-
laser system. However, the problem of lift-off distance associated with the EMAT
makes it impractical for the inspection at remote locations.

Hutchins et. al. (97) proposed the hybrid system based on laser generation/air-
coupled piezoelectric detection. The system was successfully verified in the case of
generating and receiving the plate waves or surface waves in metallic and composite
structures (98, 99). The basic principle of this system is based on wideband sources
and air-coupled receivers. The limitation of this system is poor bandwidth matching
between the source and receiver which results in poor SNR.

In comparison to the non-contact ultrasonic, contact-type ultrasonic
transducers utilize a direct contact or coupling medium with the object for the
transmission and reception of ultrasonic waves. The key limitation with contact
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ultrasonic systems are their lower scanning speed and inability to cover a larger
region of the object as compared to non-contact techniques. However, the
uncomplicated handling of transducers and the high acoustic impedance between
the transmitter and receiver makes them popular for ultrasonic NDT of structures.
They can be easily designed and configured as per specific requirement. Therefore,
they are still applicable for the inspection of delamination, flaws, disbonds, etc. in
various structures and thickness gauging (53, 100, 101, 102). That is why
measurement techniques based on contact-type ultrasonic transducers are used in
this dissertation.

The MFC transducers (103) can also be considered as contact-type because they
can be glued/embedded with the structures under inspection. After its invention by
NASA in 1996, MFCs have been widely used for the inspection of various kind of
defects in the structure. The key advantages they have include small size, lightweight
and high flexibility. They can be operated in d33 or elongation mode or in d31 or
contraction mode (103). MFCs can effectively generate and receive guided Lamb
waves (50, 104, 105).

1.5 Ultrasonic data visualization and the displacement and directivity
characteristics of the GW transducer

Modern ultrasonic scanning systems can display the results in three common
formats: as an A-scan (single point scanning), a B-scan (one-dimensional scanning)
or a C-scan (two-dimensional scanning) (106, 107). The variations in ultrasonic
energy or amplitude with time can be displayed by the A-scan. The B-scan is a series
of A-scans along the scanned distance. In the B-scan presentation, the arrival times of
all A-scans with respect to the scanned distance are presented. C-scans is the two-
dimensional scanning which shows the top view of the object. It is also called a series
of B-scans (108). It should be noted that a C-scan can display high-resolution images
of the structure. Hence it facilitates the efficient detection, sizing and characterization
of defects using ultrasonic GWs. Moreover, it requires less signal processing of the
experimental signals. However, large structures are limited to only one-side access,
B-scan or series of A-scans are more efficient using ultrasonic NDT with a pitch-catch
configuration. Achieving C-scans in large and complex geometrical structures can be
very expensive and time-consuming (109). In this thesis, only a single B-scan or a few
A-scans acquired by contact-type ultrasonic methods are used for the analysis and
estimation of defects in GFRP material. However, there are several limitations
associated with the analysis of defects using a single B-scan. Firstly, the receiving
transducer must scan the defective region before further processing. Secondly,
appropriate signal processing techniques are required for effective estimation of the
size and location of defects.

All transducers have a specific directivity pattern in the propagating medium.
The beam width of any transducer depends on its diameter and wavelength. In
comparison to the smaller transducers, the larger sized transducers radiate a relatively
narrower beam pattern (49, 50, 110). The main lobe of the transducer contains most
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of the energy. However, the side lobes, besides having inappropriate radiations, may
contain some useful information.

In order to understand the effect of directivity pattern on the accuracy of defect
estimation, a contact-type transducer glued on the surface of an object under
investigation is presented in Fig. 1.3 (50).

Object under inspection

90°
N
., Main lobe
Transducer o 50°
Ce Side lobe
y. \
Propagating Defects
wavefront

Fig. 1.3. The directivity pattern of a contact-type directional transducer glued on
the structure under investigation (50).

The variations (main lobe and side lobes) in the directivity pattern with respect
to the polar angle are also displayed. It clearly shows the main lobe containing
maximum radiations and the minor lobes containing the lower undesired radiations.
Figure 1.3 shows that defect-B has been accurately investigated whereas, the defect-
A and defect-C are not in the range of transducer’s directivity (coverage region).
Hence, defect-A and defect-C cannot be investigated from the position of the
transducer. The defect-A and defect-C could be tested if they were placed in the range
of transducer’s directivity either by changing the location or excitation frequency of
the transducer (50). The key advantages in the field of NDT and SHM of structures
by knowing the directivity patterns of transducers are as follows (49, 50):

e An accurate value of excitation frequency can be decided.

e  The configuration of transducers can be designed for the inspection of large
structures.

e  Specific wave modes, such as So, Ao or SHo can be selected depending on
the applications.

e  Overall, it contributes to the cost reduction of the SHM system.

There are many techniques developed by scientists for the analysis of directivity
patterns (111, 112, 113, 114, 115). All of these methods are either experiment-based
or based on finite element (FE) modelling which are time-consuming. Moreover, they
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are limited to specific transducers and a propagating medium. Hence, versatile
analytical modelling is required to predict the directivity patterns of transducers with
any shape, attached to any propagating medium and excited at any frequency.

The 3D spatial displacement characteristics of an unloaded transducer can also
provide information about the transducer’s behavior and 3D spatial displacements
before its application in SHM. Transducers with different characteristics compared to
the manufacturer’s data sheet could generate inappropriate in-plane (the So and SHo
in low frequency (LF) ultrasonic) and out-of-plane (the Ao in LF ultrasonic) wave
components during their application (48, 116). Therefore, 3D characteristics of the
transducer can eliminate the defective transducers and design an array of transducers
with the required characteristics. Moreover, it can also contribute to the modelling of
a transducer, transducer-arrays or configuration of transducers (48).

1.6 Ultrasonic signal processing methods

In this dissertation, signal processing techniques are applied to the
experimental B-scan signals to estimate and characterize defect parameters. In
comparison to the conventional ultrasonic C-scan, a linear B-scan contains limited
information about the damage in the structure. In order to extract the defective
region and estimate its size and location, the B-scan requires post-processing.
However, an efficient signal processing approach to extract the information from
the superimposed, noisy, scattered GWs is still unavailable (117). The development
of appropriate signal processing techniques triggers two positive outcomes. Firstly,
defect estimation is possible and secondly, the developed technique can be
automated for long-term applications in non-destructive testing and evaluation
(NDT&E) (51, 52).

The flow chart of basic steps involved in ultrasonic testing is shown in Fig. 1.4,
which can provide more information about the need for signal processing in ultrasonic
NDT(53). It is clearly observed from Fig.1.4 that during the interaction of ultrasonic
waves with the object, signals can be distorted due to one or many of the possible wave
phenomena (reflection, refraction, mode conversion, scattering, etc.). Therefore, it
might not be possible to extract signal parameters, such as amplitude, time of arrival
or velocity, etc. That is why post-processing of ultrasonic signals is required to extract
the parameters of the received GW signals which, in turn, could increase the accuracy
of the estimation of size and location of damage in the inspected structure.

The signal processing of GW signals is a two-step process which involves
signal de-noising and parametric estimation. The ultrasonic signal processing is
performed in two subtasks: de-noising the received ultrasonic signal and detecting
the faults/defects using parameter estimation (15). There have been many signal
processing methods used by researchers for the noise removal and extraction of the
information about defects in ultrasonic NDT which includes wavelet transform
(WT) (53, 54, 118, 119, 120, 121), cross-correlation (53, 119, 122), Hilbert
transform (HT) (53, 54, 122, 123, 124, 125), Hilbert Huang transform (HHT) (53,
122,125,126, 127), split-spectrum processing (SSP) (128, 129), short-time Fourier
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transform (STFT) (130, 131), two-dimensional fast Fourier transform (2D-FFT)
(63, 132, 133), Wigner Ville distribution (WVD) (134, 135) and mode
decomposition techniques (empirical mode decomposition (EMD), ensemble
empirical mode decomposition (EEMD), variational mode decomposition (VMD)
(54, 124, 125, 126, 136), etc.

The promising features of one or more of these signal processing techniques
can be combined to develop an effective signal processing algorithm. Hence, the
selection of the proper signal processing method is also a challenging task. Discrete
wavelet transform (DWT), HT, HHT, cross-correlation, 2D-FFT and mode
decomposition techniques have been used in this research to develop the desired
signal processing technique for the extraction of defect-features(53, 54, 55) from a
single B-scan. The short overview of these methods is described in the following
sub-Chapters.

Sensors: e.g. Laser, air-coupled, electromagnetic, piezoelectric, etc. )
Waveforms: e.g. pulsed, continuous, burst, chirp, etc.
Type and Structure: e.g. contact/non-contact, pulse-echo/pitch-catch,
phased array, etc. Y.
l Transmitted ultrasound wave
. . . . . \
Interaction of ultrasound with a sample under investigation:
Reflection, refraction, mode conversion, scattering of ultrasound waves
J

1 Received ultrasound wave

Ultrasonic Properties: Amplitude, velocity, attenuation, resonance, etc.

|

Signal processing/Imaging and evaluation: Analysis of size/location of
defects, physical properties, surface properties, denoising, etc.

[Received signal: Time/frequency domain or spatial dependence

Fig. 1.4. Basic steps of ultrasonic NDT (53).

Discrete wavelet transform

One of the most widely used refining techniques for GW signals is wavelet
processing. The DWT can efficiently remove the grainy and structural noise in
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ultrasonic NDT of the composite structures (55, 118, 137, 138). The signal-to-noise

ratio can be increased in a significant manner in order to improve the capabilities for

locating and sizing defects. The non-stationary signals are processed both in time-
domain and frequency-domain quite effectively by using DWT (118). The elementary
signals after decomposing the time-domain signal are called wavelets. Generally, the

WT can be called a correlation between the original signal and elementary wavelets.

The special wavelet functions (mother wavelets) use the shifting and dilation methods

for the generation of daughter wavelets. There are many wavelet families available

for DWT. However, in the case of GW signals, no significant differences between
these wavelet families are observed. However, the simplicity, orthogonality and
energy preserving capabilities of Daubechies (db) wavelets facilitate to use them for

decomposing the signals (139, 140)

The de-noising of GW signals using DWT is performed by modifying and
manipulating wavelet coefficients (120, 141). Irrespective of the frequencies, the
wavelet noising process reduces the signal components having smaller amplitudes and
preserves the signal information. As DWT is based on the correlation between the
wavelet function and signal, higher correlation results in a higher amplitude of
decomposed signals. In this manner, the amplitudes of distorted and noisy signal
components are reduced (53, 54, 55).

The soft or hard threshold method is widely used for discarding and selecting
and the appropriate wavelet coefficients (142, 143). This process removes all
coefficients which have the amplitudes lower than the used threshold. The signal is
reconstructed from the remaining coefficients. However, GW signals passing through
composite materials such as GFRP and CFRP may contain the correlated noise;
therefore, this approach is not effective in that case (53). The soft-threshold method
with a universal threshold can be the best alternative to deal with correlated noise for
the alteration of wavelet coefficients (144). The amplitude detection technique with
an appropriate threshold can be applied on de-noised wavelet signals for comparing
the variations in amplitudes of signals in defect-free and defective regions to estimate
the size and location of defects present on the structure (122).

The mathematical expressions and basic steps of the DWT de-noising process
are described below:

e  DWT utilizes high pass filters (HPF) and low pass filters (LPF) for analyzing the
high and low frequencies, respectively, after selecting the appropriate wavelet
function. The LPF is used for scaling and HPF is used for wavelet function.
Consider that signal x[n] has to be processed by DWT. The hp,[n]and h,[n]
are the filter functions for half-band high-pass filter and a low-pass filter,
respectively. Level-1 decomposition is performed by eliminating a half of
samples according to the Nyquist criterion. The response of both HPF and LPF
can be given in the following equations: (145, 146).

yulk] = Xpx[n] - hpy[2k —n] (1.21)
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yilk] = Xnx[n] - hyp[2k —n] (1.22)

where y,[k] and y;[k] are the respective responses of the HPF and LPF after sub-
sampling by 2.

This process is repeated depending on the number of decomposition levels.

e The level k of decomposition can have any value between 1 and the
maximum decomposition level (M) (147).

M = log,N; N is the length of signal x[n]. (1.23)

The appropriate noise threshold by using a universal threshold for the detailed
components can be expressed with (147):

Ty = 0;™°'%¢/ 2log(N) (1.24)
where g;"°**¢ is the estimated noise level.

In the last step, the inverse-DWT (IDWT) is applied to k detail components and k"
approximation component to generate the de-noised signal.

Cross-correlation

Cross-correlation is one of the simplest and yet effective signal processing
approach which is used to find the correlation or similarity between two signals.
However, the entire procedure contains many iterations of multiplications and
summations. In the case of GW signals, cross-correlation is used for comparing the
time-domain signals from the reference signal (53, 122). In this way, the correlation
between the defect-free and defective signals can be estimated. Since cross-correlation
depicts the extent of similarity between two signals, the most similar signals show the
maximum possible correlation and vice-versa.

This technique is widely used to detect defects in ultrasonic GW testing by
extracting the information about the defects and damages from the dispersive and
scattered waveform in the defective region.

If two discrete-time signals xi[n] and xo[n] are to be analyzed, the cross-
correlation function C[n] can be given by the following expression (119):

(o]

Cln] = le [k] - x, [k +n] (1.25)

—00

Besides detecting the defective region, the time delay between the signals can also be
estimated by estimating the correlation-peaks using cross-correlation. It should be
noted that the length of two signals must be similar in order to apply cross-correlation.
Digital windowing techniques can be used to change the length of test signals to be
equal to the reference signal. Hence, digital windowing can also be easily incorporated
with cross-correlation to process the windowed signals (148). It should be noted that
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the reference signal can be considered in the defect-free region for the detection of a
defect by processing a single B-scan using cross-correlation. By plotting the
maximum correlation along the distance and applying an appropriate threshold level,
defects can be detected (53).

Mode decomposition techniques

In order to decompose nonlinear multicomponent signals with nonstationary
noise, such mode decomposition techniques as EMD, EEMD and VMD are used (124,
125, 126, 136). This way a multicomponent signal is converted into principal
monocomponent signals. These monocomponent signals are called as modes or
intrinsic mode function (IMF). The signal can be reconstructed by separating the noisy
IMFs. A definition of a mode or IMF can be described by two conditions (53):

e A lower or upper envelope of IMF must have a zero mean.

e  The difference between the number of extrema of an IMF and the zero-

crossings must be 0 or 1.

Huang et al. (125) proposed the EMD decomposition method. The basic
principle of EMD is the recursive method for detecting the maxima/minima of the
signal. The mean of envelopes or IMF can be estimated by eliminating the HF signal
components. Although EMD is the basis of mode decomposition techniques, there are
some serious issues with the process which includes the forced stopping criterion, the
effect of extrema calculation on the decomposition process and interpolation method.

Ensemble empirical mode decomposition

The EEMD is an improved version of EMD which is used to remove mode
mixing and end effect problems associated with EMD. Mode mixing relates to the
presence of several oscillations in IMF and the same oscillations in many IMFs. The
problem of end effect occurs due to the estimation of envelopes by spline fitting in
EMD (53, 149). EEMD adds white noise to the signal which uniformly distributes
over the time-frequency region. This leads to convert the differently scaled signal bits
onto the white noise-configured reference scale (53, 126).

The basic steps of EEMD are described as follows (126):

e If x(t) is an original time-domain signal, the new signal Xnew(t) will be
calculated by adding the white noise signal n+(t) (126):

Xnew (t) = x(t) + nr(t) (1.26)

e  First, the local minima and maxima of xnew(t) are calculated. Then, the lower
envelope emin(t) and upper envelope emax(t) are estimated by applying cubic
spline interpolation. The mean value of e(t) from the lower upper envelope
can be calculated as follows (126):

31



emax(t) + €min (t)

e(t) = )

(1.27)

e The difference d(t) between the new signal xnew(t) and mean value e(t) is
given by the following equation (126):

d(t) = xpew(t) —e(t) (1.28)

o If d(t) fits in the definition of IMF, the stopping criterion is correct and
fulfilled. The d(t) will then be the i" IMF and is denoted as ci(t). The

residual ri(t) will replace the signal Xnew(t) as follows (126):
1i(t) = Xnew (t) — ¢;(¢) (1.29)

ri(t) will be the new data set and the shifting process will again be performed to

get further IMFs.

o If the IMF definition is not fulfilled, d(t) replaces x(t) in Eq. (1.26).
Afterward, the following steps, as given in Eqg. (1.27) to Eqg. (1.29) are
repeated until the IMF definition is fulfilled and the residue becomes
monotonic.

e  The number of trials (T) are continuously compared to the ensembles (E)
and T is replaced by T+1 for Eqg. 2.6 until (T<E). Therefore, the entire
procedure is repeated with new white noise (53, 126).

e  The final step includes the computation of ensemble mean for each IMF (¢;,)
and the respective residue (¥') (126):

E
_ 1
Kk — EZ Ck,T (130)
T=1
E
1
T = A Z rr (1.31)
T=1

The IMFs and residue are added together for the reconstruction of signal as given
in (126):

n

x(6) = z AT (1.32)

i=1
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The EEMD with adaptive noise can improve reconstruction and mode separation
(150).

Variational mode decomposition

The basic principle of VMD is based on adapting the Weiner filter translating
into the distinguished bands. It was proposed by Dragomiretskiy and Zosso (136) to
overcome the limitations associated with EMD and EEMD. VMD is the upgradation
of EMD and EEMD. However, it is more efficient in removing noise and distortions
associated with ultrasonic GWs in composite materials. Moreover, the
computation/simulation time is much shorter than the EMD. The basic features of
VMD are as follows (54, 55):

e All oscillating components can be separated because VMD does not consider
amplitudes and frequency during the process.

e  The decomposition of modes is possible in an exact manner or in the sense
of least squares by overcoming the inverse problem of EMD. Hence, each
mode occupies a unique bandwidth.

The flowchart (Fig. 1.5) presents sequential steps for the calculation of bandwidth

of a mode (54). First, the Hilbert transform is applied to each IMF to produce an

analytical signal and unilateral frequency spectrum can be obtained. After adding
the exponentials with the tuning of the center frequency, each frequency spectrum
can be shifted to the baseband. In the last step, bandwidth is estimated by H1-

Gaussian smoothness (136).

The mathematical expression of the variational problem is given in (136)

min [ [0 ([0 + 2] < o)) =] | (1.32)

Uk, W

where uk (k = 1,2.... K) is the k™ mode for a real-value signal (x); w« is the k™
center frequency; ¢ is the Dirac distribution.

K
Z U =X (1.33)
k=1

It should be noted that the reconstruction constraint is defined by utilizing the
characteristics of Lagrangian multipliers and quadratic penalty. It is also called as
augmented Lagrangian (151, 152).
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l H1 Gaussian smoothness

Bandwidth of mode

Fig. 1.5. Steps showing the computation of the mode-bandwidth in VMD (54).

Hilbert transform and instantaneous characteristics of a signal

HT is used to extract the analytical signal from a real-value signal. Instantaneous
characteristics of a signal can be estimated. Hence, HT can be used to extract the
instantaneous amplitude and instantaneous frequency variations of the GW signals in
the defect-free and defective regions with respect to the time (124). Moreover the
comparative analysis of instantaneous amplitudes can also provide information about
the time of arrival of signals (53, 54, 55). If x(t) is a real-value signal, the HT of the
signal, Xa(t) can be given in (124, 153):

X () =~ [ *® (1.34)

— t—u

The analytical signal xa(t) can be extracted from a real-value signal x(t) and its
HT Xn(t) as expressed by the following eq. (124, 153):

xqa(t) = x(t) + iX,(t) = A;(t).e*® (1.35)

where Ai(t) and ¢(t) are instantaneous amplitude and instantaneous phase variations,
respectively, of the real-value signal x(t).
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The mathematical expression of instantaneous amplitude Ai(t) and instantaneous
frequency fi(t) can be given by (124, 153):

Ai(t) = |x(t) + iX, ()] (1.36)
®
fit) = -2 (137)

There is always the possibility of mode mixing in the GW signals after the
interaction of layered composite materials. The instantaneous characteristics in such
a case could give ambiguous and undesired results because an authentic analytical
signal cannot be obtained with the presence of harmonics (154). Therefore, before
processing by HT, EMD or VMD decomposition techniques should be applied on A-
scans of GW signals in order to obtain monocomponent signals (54, 55).

Hilbert Huang transform

Huang et al. proposed the HHT to process and characterize non-stationary signals
(53, 122, 125, 126). In principle, HHT is the combination of EMD/EEMD and HT.
The decomposition techniques EMD/EEMD are first applied for the decomposition
of nonstationary and nonlinear signals into the stationary or monocomponent IMFs
and afterward, HT is used to obtain instantaneous amplitude and frequency
characteristics. The local energy or amplitude distributions of the decomposed GW
signals represented in the time-frequency plane are known as the Hilbert Huang
spectrum. Previous research works observed that HHT can have a significant role in
signal processing in NDT (53, 155, 156).

Two-dimensional fast Fourier transform

In the ultrasonic NDT, the 2D-FFT is used to transform the B-scan (time—
distance measurements) into the phase velocity-frequency domain (50, 53, 55). The
basic principle of the 2D-FFT is the representation of GW propagation by the transfer
function (H) of arrival time and scanning distance. This in turn is transformed into
frequency(f) — wavenumber (k) space. The mathematical expression of the 2D-FFT
can be given as (63, 132):

+00
H(k,w) = ff u(x,t) - e Jkx+ot) gyqt (1.38)

Where w is the angular frequency (w = 2rtf) and f is the frequency; x is the distance,
t is the arrival time and k is the wavenumber.

The phase velocity dispersive characteristics with respect to the time can be
easily obtained as the phase velocity is the ratio of @ and k. The 2D-FFT can also be
used to suppress the reflected signals from ultrasonic B-scan from the opposite edge
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of the layered composite structures for further processing. It could be very useful to
estimate the signal parameters in the case when phase velocity dispersive
characteristics cannot provide the desired information due to mode mixing, reflection,
scattering and another wave phenomenon (55).

Split-spectrum processing

Initially, the SSP development was performed by utilizing the frequency agility
methods which were being used in radar applications (157). Later on, it was used to
improve the improvement SNR by reducing the grainy scattering in the conventional
ultrasonic testing (158).

In general, the basic principle of SSP is to convert the spectrum of ultrasonic GW
signal into various sub-bands by using a bank of band-pass filters (BPF). The center
frequencies of sub-bands are incremented in a prescribed order. Later, non-linear
signal processing algorithms are applied to these sub-bands in order to achieve the
output signal. The functioning of SSP can be expressed by a block diagram as
presented in Fig. 1.6.

Input signal, x(t)

FFT
X(f)

! ]
BPF-1 BPF-2 | -—-- BPF-n

1 (f 1 X%,(f) X
IFFT IFFT |- IFFT

1x(t) bo(t) | xalt)

w, w, |- w,
[wyxy(t) [wax(t) Twax,(t)
Recombining algorithm

Outputlsignal, y(t)
Fig. 1.6. Block diagram of basic operation of SSP

The basic steps of the SSP process are described as follows:

o Firstly, the input signal (x(t) is converted into the frequency domain (X(f)) by
applying FFT.

e  X(f) is filtered by a bank of bandpass filters.
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e The IFFT is applied to the output of bandpass filters (Xi(f), i =1, 2, .... ,n) to
revert back to the time-domain signals.

e Appropriate weighting factors (wi; i =1, 2, ...., n) are applied to normalized
the non-linear time-domain signals.

¢ Finally, the signals are recombined by utilizing a recombination algorithm to
receive an output signal (y(t)).

The number of filters (N) required for the SSP application is given by the following
eg. (1.39)(159):

B
N=—+1 (1.39)

where B is the operating bandwidth and F (F=1/T; T is the total signal
duration) is the filter separation.

The bandwidth of each BPF (Berr) is required to be three to four times of the
filter separation (129). It should be noted that band-pass filtering can reduce temporal
resolution and therefore, application of filter banks is one of the most serious steps in
the SSP.

There are many SSP recombination algorithms available for reducing coherent
noise presented in ultrasonic GW signals such as polarity thresholding (PT), polarity
thresholding with minimization (PTM), mean algorithm and minimization algorithm,
etc.(160). The bandwidth of each BPF (Ber) is required to be three to four times of
the filter separation (129). It should be noted that band-pass filtering can reduce the
temporal resolution and therefore, the application of filter banks is one of the most
important steps in the SSP. The limitation of SSP is that algorithm entirely depends
on the parameters of filter banks. Moreover, the optimal parameters are not certain
and the processing time is longer for signal decomposition.

Short-time Fourier Transform

The scattering, dispersion and attenuation of GW signals after interaction with
the composite structure is frequency dependent. Therefore, the analysis of
nonstationary GW signals is a complex mechanism. Time-frequency analysis of GW
signals is an effective technique to achieve selective frequency distribution at a span
of time or selective time information at a certain frequency. There are many time-
frequency analysis methods and STFT is being used for the analysis of GW signals in
composite structures (161). In general, the STFT is modified FT in which a longer
time signal is divided into different segments and FT of each segment is computed.

The STFT of a time-domain signal x(t) can be expressed with (131, 162, 163):

+00

STFT(t, f) = f x(1) - w(t — t)e 2™ dr (1.40)

— 0o
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where, t is time variable, 7 is the time lag, w(t) is the window function for analyzing
the local spectrum of a signal.
The spectrogram of a signal x(t) can be expressed with (131, 162, 163):

S,(t,f) = ISTFT(t, f)|? (1.41)

There are many window functions which can be selected depending on the
requirement. Better frequency resolution can be achieved by applying a wider window
at the cost of time resolution. Conversely, a better time resolution can be obtained by
applying a narrow window at the cost of frequency resolution. Therefore, an optimal
solution is the key step in this approach.

Wigner Ville distribution (WVD)

Similar to STFT, WVD is also used to analyze the time-frequency distribution of
nonstationary signals in both time and frequency domain. In contrast to the STFT and
referring to the theoretical definition of WVD, the window function is not required.
Hence, the signal of any length can be analyzed. However, a windowed WVD is
required in most practical applications (134). The time-frequency analysis in short
time spans can be performed by using the windowed WVD. Most common windows
which are used in WVD include Rectangular, Hanning, Hamming and Blackman.

The WVD and windowed WVD is defined by eq. (1.41) and eq. (1.42)
respectively (135, 164):

+ 00

wW(,f) = f s (t +%) -s* (t — %) e 2]y (1.42)
W(t,f) = f s (t + %) w? (g) -s* (t — %) e~ 2™t dr (1.43)

—00

Where s(t) is an analytical signal of a real signal x(t) and w(t) is a window function.

There are some limitations associated with the WVD of a multi-component
signal. One of the major concerns is the ghost patterns which are exhibited due to the
interference of the multi-components. In order to solve this problem, smoother WVD
is required which is called Pseudo Wigner—Ville (PWVL) (165). In the process of
PWVL, the time-frequency smoothing is performed for the reduction of the
amplitudes of unauthentic terms. The applications of WVD in the ultrasonic NDT
included in the defect detection, decomposition of multi-component signals, time-
frequency analysis and estimation of phase and group velocities of the propagating
wave modes (165, 166, 167).

A comparison of the most widely used signal processing techniques used to
process the GW signals is presented in Table. 1.2.
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After reviewing and comparing all ultrasonic signal processing techniques
described in Chapter 1.6, the following techniques have been considering the
estimation of defects and characterization of the GW signals in the defect-free and
defective regions.

e The DWT can be used for de-noising nonstationary GW signals. A large

selection of wavelet families and threshold techniques makes it best suited
for de-noising of GW signals after interaction of multi-layered composite
structures.

e Mode decomposition techniques along with HT or HHT are the best

available techniques to extract the instantaneous characteristics of GW
signals due to their ability to convert multicomponent signals into
monocomponent and to deal with correlated noise.

Table 1.2. Comparison of ultrasonic signal processing techniques

Name

Advantages and applications

Disadvantages and limitations

DWT

*Efficient method in both time and
frequency domains to process non-
stationary signals

*Signal analysis is faster than Fourier
transform. Wavelets are localized in both
time and as compared to localized in only
frequency in Fourier transform.

* Useful method to improve defect/flaw
detection and estimation in  noisy
environments and grainy materials.

*A small change/shift in input
signal produces large variations in
energy distribution of DWT

Cross-
correlation

*Detection of signals in a
environment and delay estimation.
* Can be combined with window methods
so that ultrasonic signals can be segmented
at different distances.

noisy

* Not efficient for scattered signals
due to inhomogeneity in structure
or when noise is correlated with the
received signal (signal de-noising
must be applied)

2D-FFT

*To estimate the phase velocity dispersion
curves of propagating wave modes.

* To suppress the reflected signals from the
ultrasonic B-scan.

*Not efficient for the estimation of
defect features.

*Inaccurate results in the case of
variable thickness of the structure

Mode
decomposition
techniques and
HHT

*To estimate instantaneous characteristics
of GW signals.

*To convert multicomponent signals into
monocomponent.

*To estimate the time delay by comparing
normalized amplitudes of monocomponent
signals.

* Time-consuming.

*Only for the characterization of
GW signals (not efficient for defect
estimations)

STFT * Time-frequency distribution of signals. *Not efficient for defect estimation
* Defect detection. in the presence of correlated noise.
*Compromise between a time or
frequency resolution
SSP *Defect estimation and noise suppression in | *Processing time is long.
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grainy materials. *SSP algorithm depends on the

some frequency ranges

*Time-frequency distribution of signals. number of filters and their
parameters hence they are not
robust.

WVD *Defect detection and measurement of | *Not efficient with
phase and group velocities of GWs. multicomponent signals.
*Time-frequency analysis * Existence of negative power for

1.7 Challenges in the inspection of wind turbine blade

Wind energy is one of the most prominent renewable energy resources available
in the world. The WTB, generally constructed from GFRP and CFRP, is one of the
most frequently damaged parts of the wind turbine. The blades are expensive and the
installation cost of the 10 to 50 meter WTBs typically accounts for 10-20% of the
overall cost of installation (168). The random nature of wind’s force produces varying
or cyclic loads to the wind turbine, therefore flaws, breakage and damages can exist
in any component of the wind turbine blade (169). Moreover, wind turbine blades are
more sensitive due to very high stress which may easily lead to damages and defects.
Regular maintenance and inspection of wind turbine blades are necessary to avoid any
system failure (170, 171, 172). There is a number of non-destructive testing methods
which can be used to assess the quality of materials used in the manufacturing process
of turbine blades (47). However, the dimension and complexity of wind turbine blades
and limitation in applicability and accuracy of some methods make them unsuitable
for on-site inspection of wind turbine blades (173). Due to the availability of a wide
range of transducers and ability to travel a long distance, ultrasonic NDT is
extensively used for the inspection of these type of structures (174, 175, 176, 177).
That is why a segment of WTB is considered as an object in this dissertation to be
inspected by ultrasonic GWs. However, the experimental approach itself cannot
provide information about the dimension of the defects. The post-processing (signal
processing or image processing) of the acquired experimental results have the same
importance as the experimental approach. The main purpose of the NDT techniques
using ultrasonic GWSs is to develop a fast, cost-effective and less complex
measurement technique with appropriate post-processing methods.

Although non-contact ultrasonic testing techniques can cover a large surface
area, they have certain limitations due to the layered structures, thickness and low
acoustic contact (178). In the field of contact ultrasonic testing, most of the research
work and commercial testing of WTB is performed by pulse-echo techniques (46, 170,
175) and ultrasonic phased-array (72, 177). However, the real-time testing of WTB is
still quite complex and challenging because of its composite and thick structure and
one sided access. Therefore, more innovation and research is required in this field
(179). Moreover, the limitation associated with the pulse-echo technique (less flexible
and unsuitable for large structures) and the phased-array method (expensive and
complex due to added number of devices) provide the motivation to develop
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measurement techniques for smaller and larger structures based on pitch-catch
operation which is more flexible as compared to the pulse-echo and economical as
compared to the phased-array method (see Chapter 2 and Chapter 4 for details).

1.8 Conclusions

1.

Ultrasonic guided waves are widely used for non-destructive testing and
structural health monitoring of large and complex geometrical structures in a
wide variety of applications. Guided waves are very sensitive to various kinds
of defects, can travel a long distance and have many more other advantages
as compared to other techniques. However, such wave mechanism as
dispersion, mode conversion, reflection, refraction or attenuation during the
interaction of guided waves creates complexity and ambiguity in defect
estimation.

Out of the three most common scanning techniques used for ultrasonic
testing, the pitch-catch technique is the most suitable for SHM of large
composite structures and the structures having only one-sided access. The
pitch-catch technique is flexible in nature as the location of transmitting and
receiving transducers can be altered as per requirement.

The brief review of contact and non-contact ultrasonic testing methods reveal
that non-contact methods can be used in different environments, in the
inspection of different materials, at variable temperatures and for the
structures which are not accessible easily from the test-site. However, contact
type methods are still popular due to the easy handling of transducers and
better acoustic contact between the transmitter and contact surface.
Moreover, the configuration of contact-type methods as per requirement is
very easy. One such configuration is the two point-type transducers fixed
on a moving panel with an optimal separation distance. This configuration
is suitable for the development of a measurement system for a short
distance GW testing of a composite structure.

For a long distance GW testing and SHM of the structures, a transmitting
transducer must be an integral part of the structure and an MFC transducer
is the most widely used for such applications. Due to its compact size and
low weight, it can be embedded or glued on the structure under
investigation. MFC transducers are well-known actuators and sensors of
the Lamb waves and widely used for non-destructive testing and structural
health monitoring of the structures. However, effective generations of such
transducers depend on its directivity and displacement characteristics of the
propagative GW modes.

By knowing the directivity pattern of a transducer, the exact location of a
transducer can be determined to effectively inspect the structure. Moreover,
the excitation frequency, the appropriate propagating wave mode or the
configuration of transducers can be selected to cover up the large region. This
optimizes the overall cost of the NDT system. Therefore, a versatile analytical
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model is required to predict the directivity of a contact-type transducer in any
propagation medium and at any excitation frequency.

6. The three-dimensional displacement characteristics of an unloaded vibrating
transducer before the experimental analysis can provide information about the
applicability of the transducer in ultrasonic NDT and SHM applications. It
can also provide information about the most dominant component of the
propagating wave (the Ao, So or SHo in the LF ultrasonic).

7. There are many ultrasonic signal processing methods that are available, such
as wavelet transform, Hilbert transform, mode decomposition techniques,
two-dimensional fast Fourier transform. However, the processing of received
GW signals to extract the defect parameters requires a signal processing
algorithm combining their positive features. The discrete wavelet transform
is one of the most frequently used techniques to remove grainy and
structural noise from the received guided wave signals in the process of
ultrasonic NDT of composite structures. Wavelet transform can be combined
with the amplitude detection technique for the estimation of size and location
of defects. The cross-correlation of all A-scans of a single ultrasonic B-scan
with the defect-free A-scan can provide information about the defective
region. Moreover, the cross-correlation is also used for the time delay
estimation. The instantaneous characteristics (instantaneous frequency and
instantaneous amplitude variations with respect to time) of GW signals using
Hilbert transform of a nonstationary, nonlinear and multicomponent signal
containing various harmonics is not possible. Therefore, mode decomposition
(empirical mode decomposition, ensemble empirical mode decomposition or
variational mode decomposition) must be applied before applying Hilbert
transform in order to convert the multi-component signal into
monocomponent.

After reviewing the literature related to GW testing, a configuration of
transducers for short and long-distance GW testing, possible techniques to improve
the estimation of defects in structures using ultrasonic GWSs and signal processing
techniques for the post-processing of GW signals, the research plan of the dissertation
is finalized and the workflow is presented in Fig. 1.7. The following chapters present
the development of the measurement techniques for the defect detection and
estimation and characterization of GWs in the composite structure by short-distance
GW testing (using a pair of contact-type transducers) and by long-distance GW testing
(using a glued/embedded transmitter e.g. P1-type MFC and a contact-type receiver).
However, before proceeding to the long-distance GW testing, three-dimensional
displacement characteristics and directivity of the ultrasonic contact-type transducer
which can be glued on the structure to increase the accuracy in long-distance GW
testing is estimated.
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Detection and estimation of defects and estimation of
GW characteristics in composite (GFRP) sample

4

( Measurement technique for Measurement technique for long \

short distance GW testing distance GW testing
(By pair of contact-type (By glued/Embedded transmitter
transducers) and contact-type receiver)

I

3D spatial displacements
and directivity of glued

\ transducer 5/

!

* Linear scanning in defect-free region to identify the propagating GW
modes (Dispersion curves) technique.
* Linear scanning over the defective regions for detection of defects

4

Signal processing : locate, size the defect and estimate GW
characteristics in the defect-free and defective regions

Fig. 1.7. A schematic of work flow of dissertation

It should be noted that only disbond-type defects created by the mechanical
process (milling process) are analyzed in this research. In the short-distance GW
testing technique, disbond-type defects located on the trailing edge of segment of
WTB constructed from GFRP are analyzed. In the long-distance GW testing
technique, disbond-type defects located on the main spar of the same sample are
analyzed.
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2. MEASUREMENT TECHNIQUE BASED ON SHORT DISTANCE
GUIDED WAVES

2.1 Demand and motivation

As discussed in Chapter 1.4.1, contact-type transducers have limitations of low
scanning speed and smaller coverage region during NDT of large composite structures
by using GWSs. However, for short-distance GW testing contact-type transducers
(transmitter and receiver) can be the best solution in order to develop an effective
measurement technique due to their easy handling and good acoustic contact, since a
coupling medium between the transducers and the contact surface is applied. As
contact-type transducers can be easily configured to operate in a pitch-catch mode,
this approach is used in this Chapter to extract defect features in a composite structure.

During the experimental process, only a single linear scan (B-scan) or an A-scan
signal is acquired using GWSs which is very useful for testing and inspecting complex
configured structures where conventional two-dimensional scanning process (C-scan)
is not possible. The only condition is that the region of the structure to be inspected
should be inthe range (should be scanned over) of the receiving transducer. Moreover,
a single B-scan or A-scans require a far shorter time as compared to the C-scan.
However, only the lesser amount of experimental data, noise and disturbance of GW
signals due to associated GW mechanism (reflection, refraction, scattering mode
conversions, attenuation, etc.) in layered structures are the negative factors for the
identification of damages in the structure from linear scanning.

The experimentally acquired signal intensity variations (B-scan) on the time-
space may visually provide information about the existence of damage in the object.
However, the signal processing/refining of GW signals is necessary to accurately
calculate the size and location of defects and characterize the GW signals in the defect-
free and defective regions. Before estimating the size and location of defects, the GWs
must be de-noised by appropriate signal processing to remove nonstationary and
structural noise. The instantaneous characteristics of the GWSs can be calculated only
after converting the multicomponent signals into monocomponent.

This Chapter deals with the development of a measurement technique based on
short-distance GW testing with the adaptation and accumulation of ultrasonic signal
processing techniques, which leads to the extraction and characterization of
defects/damages located at various positions of the composite sample with a complex
geometrical structure. The selected sample was a segment of a wind turbine blade
(WTB). The multi-layered composite material used to manufacture the sample was
GFRP. As discussed in Chapter 1.7, the blade of the wind turbine is one of the most
sensitive and damage prone components as it has to sustain under cyclic loads.
Moreover, it is constructed from a multi-layered composite structure and possesses a
complex geometry, thus the segment of WTB is selected as an object. The disbond-
type defects of different sizes (15 and 25 mm) were located at the trailing edge of the
sample. A pair of contact-type transducers (see Chapter 2.2 for details) fixed on a
moving panel with 50 mm separation is used for the investigation. The fixed distance
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between the transducers reduces the attenuation and dispersion caused by the variable
distance. Moreover, both transducers are point-type operating in thickness mode.
Hence, they are more sensitive to the amplitude variations of propagating waves. The
simple amplitude detection technique is useful in order to distinguish between the
defect-free and defective region. There are only a few research works testing WTB
based on the pitch-catch operation, therefore, this technique motivates to develop an
improved configuration of similar kind of transducers by reducing the separation
distance in the future.

The schematic of the measurement technique is presented in Fig. 2.1. Firstly,
the experimental analysis of the sample is performed by using contact-type
transducers operating in a pitch-catch mode. The resulting experimental B-scan is first
processed to size and locate (defect estimation) the defect by using wavelet de-noising
and amplitude detection. Then, HHT is applied to compare the instantaneous
characteristics of GW signals in the defect-free and defective regions.

s ™
Experimental investigation by contact-type
transducers

e l; _____________________________

(" Defect detection and estimation (size and )

location)
DWT and amplitude detection
\_ » Cross-correlation )

( GW characteristics in defect-free/defective
regions (instantaneous amplitude and

frequency characteristics, time of arrivals)
\ +  HHT (EEMD and HT)

Signal processing

Fig. 2.1. Schematic of measurement technique for the defect estimation and characterization

in composite structure by short-distance ultrasonic GWs.

The organization of Chapter is:

o Experimental investigation of the sample for the estimation of disbond-type
defects with 15 and 25 mm diameters located on its trailing edge is performed
in Section 2.2 by using a pair of contact-type transducers fixed on a
mechanical moving unit.

e The development of a signal processing algorithm based on DWT, EEMD,
2D-FFT, cross-correlation and HHT to extract the features of disbond-type
defects from the experimental signals is presented in Section 2.3. The GW
characteristics in the defect-free and defective regions are also compared in
this Chapter.
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e The conclusions of the Chapter including the limitations and issues are
presented in Section 2.4.

2.2 Experimental investigation on the trailing edge of sample containing
disbond-type defects

2.2.1 Devices and sample

The contact-type ultrasonic transducers, made of piezoceramic material (PZ 29)
are used in the experimental investigation. The contact-type ultrasonic transducers
require a protection layer for testing composite materials using contact methods and
providing the point-type contact. Therefore, wideband ultrasonic transducers with a
convex protection layer (diameter of the contact surface <3 mm) containing -6 dB
bandwidth up to 350 kHz (50, 53, 55, 101) are used.

The descriptive cross-section of the contact-type transducer is shown in Fig. 2.2
(101). The transducer consists of a piezoelectric element, a constant protector and a
damper. By using two wires, the piezoelectric element is connected to the connector
which is fixed into the cap of the housing. The entire arrangement was surrounded by
a soft material layer and mounted into the housing. The replaceable protector (convex
protector) and the fixing ring are the replaceable parts of the transducer. At excitation
frequency of 220 kHz, 3-period burst, the frequency response of the transducer
without a convex protector and with a protector are presented in Fig. 2.3a and Fig.
2.3b, respectively.

Replaceable
protector Protector

Fixing ring -

Piezoelement

/Damper

Housing
/

Soft-material
layer

4B Damping
="l | — compound

TN /Wires
Housing cap

I/ Connector
-

Fig. 2.2. A cross-section of the piezoceramic (PZ 29) contact-type transducer
(Adopted from (101))
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Fig. 2.3. Frequency response of the piezoceramic (PZ 29) contact-type transducer without a
protection layer (a) and with a protection layer (b) (Adopted from (101))

Fig. 2.3a clearly shows that -6 dB bandwidth of the transducer without using the
protection layer is up to 350 kHz whereas, 210 kHz bandwidth is achieved at -6 dB

level with a protection layer. The parameters of the contact-type transducer are
presented in Table 2.1.

Table 2.1. Parameters of contact-type receiver (53, 54, 55)

Parameters Description
Material Piezoceramic-PZ 29
Maximum value of -6 dB bandwidth 350 kHz

-10 dB bandwidth 35-640 kHz

Center frequency 190 kHz

Diameter of protection layer at bottom 2 mm

The cross-section of the WTB and the photo view of the GFRP sample are
shown in Fig. 2.4a-b. Two artificial defects of 15 and 25 mm in diameters created by
the milling process are located on the trailing edge of the WTB segment. There was a
gap of 330 mm between the nearby ends of two defects (53).
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Table 2.2. Properties of GFRP material (55)
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Upper shell
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(b)
Fig. 2.4. Cross-section of the segment of a wind turbine blade (a) and photo view of the test
sample of a blade segment constructed from GFRP material (b) (53).

Parameters Numerical Value
Paint or Surface layer:
Density (p) 1270 kg/m?®
Young’s modulus (E) 4.2 GPa
Poisson’s ratio (v) 0.35
Unidirectional GFRP layer:
Density (p) 1828 kg/m®
Young’s modulus (E;) 42.5 GPa
Young’s modulus (E;) 10 GPa
Poisson’s ratio (vi2) 0.26
Poisson’s ratio (v23) 0.4
In plane shear modulus (Gi,) 4.3 GPa
Epoxy:
Density (p) 1260 kg/m?
Young’s modulus (E) 3.6 GPa
Poisson’s ratio (v) 0.35
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2.2.2 Experimental analysis

The entire experimental process consists of two parts. In the first experiment,
linear scanning is performed in the defect-free region of a sample by using contact-
type transducers for the estimation of phase velocity of the dominant mode of the
propagating wave. One transducer was fixed at one position and another transducer
was scanned away up to 200 mm to record the GW signals. The transmitter was
excited with 150 kHz, 3 periods of burst with Gaussian symmetry (53). The scanning
step used in the experiment was 0.5 mm and the sampling frequency was 100 MHz.
It should be noted that a contact-type receiver operates in thickness mode which is
more sensitive to pick up the out-of-plane dominating components of the Ao mode in
spite of excitation of both Ao and So modes. The LF ultrasonic system was used in the
experiment (53, 54, 55). The characteristics of the LF ultrasonic system developed by
Ultrasound Research Institute of Kaunas University of technology are described in
Table 2.3.

Table 2.3. Parameters of LF ultrasonic system (53, 54, 55)

Parameters Numerical Value
No. of input channels 2

No. of bits of analog-to-digital converter 10

Overall system gain (maximum) 113 dB
Ultrasonic system to computer interface USB V.2
Frequency range 20 kHz-2 MHz

The photo of experimental investigation is shown in Fig. 2.5a and the acquired
B-scan image is presented in Fig. 2.5b. After applying the 2D-FFT (see Chapter 1.6
for details) to the B-scan, the amplitude distributions in the time-space domain are
converted into the wavenumber-frequency domain. Finally, the phase velocity-
frequency characteristics (dispersion curve) can be obtained by converting
wavenumbers into frequency. The estimated phase velocity dispersion characteristics
along the frequency are shown in Fig. 2.5c. Since the contact transducers (both
transmitter and receiver) are very sensitive to pick up Ao mode, the dominant Ao mode
is clearly observed with phase velocity of 1160 m/s at the excitation frequency (150
kHz). The weak So mode is also observed. Therefore, Ao mode is the interesting mode
of consideration when using the same contact-type transducers in further investigation
of the sample.
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Fig. 2.5. Linear scanning of sample in the defect-free region: Photo of experimental set-up (a);
B-scan image (b); phase velocity dispersion characteristics (c) (49).

A second experiment (Fig.2.6) is performed to acquire a B-scan over the
defective regions. Two contact-type transducers (same transducers used in the
previous experiment as shown in Fig. 2.5a) were mechanically mounted/fixed on a
moving mechanical unit/panel to form a special configuration as shown in Fig. 2.6a.
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Fig. 2.6. Experimental investigation for the estimation of defects: photo of two transducers
mounted on a moving panel (a); a schematic showing the basic principle of operation using
transducer-pair (b); schematic of complete experimental analysis of a sample with the location of
defects (c) (49).
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Both transducers were kept 50 mm apart which was selected to ensure the
significant resolution in the transmission/reception of GWs. Moreover, this distance
was approximately equal to a multiple of some Ao wavelengths (53, 54, 55). The
scanning was performed in a pitch-catch mode. The basic configuration of the
transducer-pair is presented in Fig. 2.6b. A schematic of the complete scanning
process with the defects located on the trailing edge of the GFRP sample is shown in
Fig. 2.6c¢.

The experimental scanning process and other details are described as follows:

e The sample was 6 mm thick in the defect-free region. The distance of the
defective regions from the surface was 2.5 mm. It should be noted that
scanning was performed on the opposite side of the sample. Therefore, the
visualization of defects was not possible during the experimental analysis. A
150 kHz, 3-period burst signal was used to excite the transmitting transducer
and a total of 500 signals were recorded by the receiver each at 1 mm up to
500 mm.

Glycerol was used as a coupling between object and transducers.

e The received signal is averaged eight times to increase the signal-to-noise
ratio (SNR) and the sampling frequency was 100 MHz.

e Moreover, the amplitude-based estimations are very sensitive to noise and
variations of the environmental conditions. Therefore an ambient
temperature of 25°C was maintained during the experiments.

e The B-scan image is acquired and shown in Fig. 2.7.

e It should be noted that the defect was not visually visible during the
experiment. However, the transducer panel was set-up by knowing the
position of defect because the defect estimation by linear scanning (B-scan)
cannot be performed until the transducers do not scan over the defective
regions. But this experimental technique is still valid for two-dimensional
scanning (C-scan) without knowing the exact location of the defect.
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Fig. 2.7. B-scan image after scanning over the defects (53).

The significant changes in the waveform in the defective regions can be clearly
observed in Fig. 2.7 which confirms the possibility of defects. However, the
estimation and characterization of these defects from a single B-scan is not possible
without post-processing the signals (53, 54, 55).

2.3 Signal processing

2.3.1 Wavelet de-noising and defect-estimations

The application of DWT for de-noising nonstationary and structural noise from
GWs requires to select an appropriate wavelet family and its level and the thresholding
method to discard the wavelet coefficients. There is no certain rule for selecting the
appropriate wavelet family and it depends on the specific application and the
characteristics of the GWs.

We are using point-type contact transducers which are working in thickness
mode. They are more sensitive to amplitude variations of the GWs according to
thickness of the structure. Hence, the wavelet family which is most energy preserving
in nature could be an option. It is already explained in Chapter 1.6 that Daubechies
wavelet is the most energy preserving and the simplest among the wavelet families.
Therefore, first we select the appropriate level of Daubechies wavelet and then
compare the appropriate Daubechies level with other wavelet families to select the
most suitable. The soft and hard thresholding with a universal threshold is used to
discard the wavelet coefficients as described in Chapter 1.6.

The order of Daubechies wavelet suitable for DWT is estimated by comparing
the correlation coefficients of the widely used Daubechies levels (db4, db8 and db16)
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(121). Three A-scan signals, each in the defect-free (average in the spatial range of
150-300 mm), 15 mm (average in the spatial range of 50-60 mm) and 25 mm (average
in the spatial range of 400-410 mm) defective regions are selected and decomposed
into 8 levels by using db4, db8 and db16 Daubechies levels. The detailed signal at the
8™ level (wavelet-de-noised) from db4, db8 and db16 levels are compared with the
original signals in the case of defect-free and defective signals as shown in Fig. 2.8.
The db16 level shows the highest correlation in each of the three cases (defective and
defect-free signals).

In the next step, the conformity of selecting db16 Daubechies is performed by
comparing it with the levels of other wavelet families. The A-scan signal in a 25 mm
defective region (average in the spatial range of 400-410 mm) is considered for the
comparison. The correlation coefficient of Daubechies (db16), Symlets (sym2, sym4
and sym8) and Coiflets (coif 2, coif4 and coif5) with their original signal counterpart
are presented in Fig. 2.9. It is observed that db16 has the maximum correlation (0.83)
with the original signal as compared to the levels of Symlets and Coiflets. Therefore,
the db16 is selected for de-noising the experimental B-scan using DWT.
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Fig. 2.8. Comparative correlations between Daubechies wavelet levels db4, db8 and db16
(53).
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Fig. 2.9.
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in Fig. 2.10 and described as follows (53):

500

w H
[=] o
o o

N
o
o

Scanning distance,mm

100

(=]

The process of signal de-noising and defect estimation using DWT is presented

25 mm
defect, ===< S
“{\\J _' ! ]
-~ ]
\ 2
l/Dgfect
1 free
region

7’
4

\

N ’

-
15mm
defect |
\—"“s
11228

‘ )

Pt

~
i 1

ST

S Trailing
edge

0 50 100

Time,us

(a)

150 200

500

400

w
[=]
o

N
[=]
o

Scanning distance,mm

-
(=)
o

25mm
defect, ===~

\N__f

15 mm
defect

N

(\ " Y
‘-71.',

(.

L Y

50 100

Time,us

()

150 200

0.2

0.1

0.3

0.2

0.1

Normalized amplitude

| — Original Signal

—-—Denoised Signal
|
0.5+ I |
]
0
-0.5 !
|
-1 . . .
0 100 200 300 400
Time,us
(b)
x(-3dB) xx(-3dB) x,(-3 dB) x,(-3 dB)
Ny Ny
" ] ]
1 —+
n
n
n
o 0T S
E |
£os6 y}
(]
T 1
2 1
T B e e W
E n
'6 n
zZ "
0.2 bbb M
n H H
" : I}
JLSDIS | TT T IK D25
0 100 200 300 400 500 600
Scanning distance,mm
(d)

Fig. 2.10. Defect estimation after wavelet de-noising: Wavelet de-noised B-scan (a); A-scan at 50
mm scanned distance before and after de-noising (b); Modified B-scan after subtracting reference
signal from each A-scan of de-noised B-scan (c); Amplitude detection for the estimation of size

and location of defects (d) (49).

DWT with db16 Daubechies wavelet is applied to decompose all A-scans of
B-scan into 8 levels. The 8" level detailed signal contained minimum noise.
Hence, the de-noised B-scan is obtained after considering the detailed signals
at 8" level from each A-scan. The de-noised B-scan after DWT is shown in

Fig. 2.8a.
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e Inorder to properly visualize the de-noising process, the normalized A-scans
in the 15 mm defective region at 50 mm scanned distance from the initial
(first) scanned point are presented before and after de-noising (Fig. 2.10b).

o A reference signal in the defect-free region (As rer) is then obtained by
averaging the signals in the spatial range of (150-300 mm) in the defect-free
region.

e The reference signal (As rer) is subtracted from all A-scans of the B-scan. The
modified de-noised B-scan is presented in Fig. 2.10c. It can be expressed as:

xn(t, ) = x(t,5) = Ay rer(t) (2.1)

where x (t, s) is the s™ A-scan signal from the de-noised B-scan (Fig. 2.10a), Xn (t, S)
is the new A-scan signal after subtracting A ret from it, and s is the scanned distance
(0 <s<500).

o Normalized peak-to-peak amplitudes of each A-scan from the modified de-
noised B-scan (Fig. 2.10c) are calculated and plotted along the scanned
distance as shown in Fig 2.10d. It can be expressed as follows:

Apy(s) = max[xy(t,s)] — min[xy(t,s)] (2.2)
o App(s)
Anpp (S) maX[App (S)] (23)

where App (S) and Anpp (S) are the peak-to-peak and normalized peak-to-peak
amplitudes of the s"" A-scan signal from the de-noised B-scan.

o After applying a threshold of -3 dB level, the size and location of defects are
estimated. If x1, X2, x3 and x4 are -3 dB points on the normalized amplitudes
along the scanned distance (Fig. 2.10d), the location (distance from first
scanned point) and the size of 15 and 25 mm defects can be calculated as:

Location of 15 mm defect = x4
Sizeof 15 mmdefect = x, — xq
Location of 25 mmdefect = x5 (2.4)
Size of 25 mmdefect = x4 — x3

e The size of 15 and 25 mm defects was observed as 9 mm and 34.5 mm,
respectively, with the respective absolute errors of 6 and 9.5 mm.

e The location of 15 and 25 mm defect from the starting scanned point was
observed as 22.5 mm and 393 mm, respectively, with the respective absolute
errors of 13.5 and 8 mm.
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e The error also depends on the limitation of the optimal distance of 50 mm
between the two transducers with other factors such as operating
temperature, selection of threshold level in amplitude detection, wave
dispersive characteristics, etc.

There are some limitations associated with the proposed technique. (i) Only a
single B-scan is used for the estimation and characterization of defects. Hence, the
accuracy depends on the interaction of the scanning transducer to the center of the
defect. (ii) The experiment was performed by using a pair of contact transducers fixed
on a mechanical unit. Since 50 mm was selected as the optimal distance between the
transducers, the accuracy to locate or size the smaller sized defects (size <50 mm) can
be affected. Hence, the estimation of 25 mm defect showed a higher accuracy than the
15 mm defect. The results can be improved by altering the optimal distance. (iii) The
reproducibility of the results depends on the variations of signal amplitudes in the
defect-free and defective regions. (iv) The accuracy also depends on the selection of
-3dB threshold or peak-to-peak values of amplitudes. (v) The linear scanning (B-scan)
used in experiments can be used to monitor and analyze larger defects (Diameter of
defect > wavelength of propagating wave). The estimation and detection of smaller
defects or microcracks can be possible only with non-linear ultrasonic scanning
methods such as peridynamic theory (180, 181, 182). Due to variable size and the
complexity of multi-layered composite materials, the standards are not yet set for the
estimation of size and location of defects in the testing of WTB. However, as
discussed in the introduction of this dissertation, contact-type testing of WTB at
research and commercial levels are basically performed by using ultrasonic pulse-
echo and phased array technique. Hence this technique would definitely motivate
researchers to adapt the flexible and cost-effective pitch-catch approach in order to
investigate multi-layered composite structures with complex geometries.

2.3.2 Application of cross-correlation

The cross-correlation on wavelet-denoised B-scan (presented in Fig. 2.10a) was
applied in order to compare the defect-free reference signal to all A-scans of B-scan.
The reference signal (A2, rer) is selected by applying a time window (2070 ps) and a
spatial window (150-300 mm). The time window is considered in such a way that
maximum possible interaction of GWs with the defective regions is covered. It should
be noted that all A-scan signals were windowed in (20-70 ps) for the application of
cross-correlation. The reference signal Az, rer is compared with each A-scan along the
scanned distance of 500 mm as shown in Fig. 2.11a. The detection of defects was
possible after applying -3 dB decision threshold. Due to the reduced thickness in
defective region of composites, the phase velocity of GWs remains lower as compared
to the defect-free region. Hence, the time-of-arrival of the dominant GW mode (Ao in
our case), in the defect-free region is shorter as compared to the region of defects. In
order to estimate the time delay between the reference and other signals, cross-
correlation with zero-crossing is utilized (Fig. 2.11b). The measured delay in time
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between the reference signal Az, rer to all 15 and 25 mm defective signals was 1.75 and
3 us, respectively (53).
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Fig. 2.11. Cross-correlation on a de-noised B-scan: Comparing correlation coefficients (a); Time-
delay measurement (b) (49).

2.3.3 GW characteristics (instantaneous characteristics) by Hilbert Huang
transform

The instantaneous characteristics of the GW signals (A-scans) in the defective
and defect-free regions are estimated by using HHT (EEMD and HT). Detailed
descriptions of HHT, HT and EEMD have already been discussed (Chapter 1.6 for
details). Three A-scans each in defect-free and defective regions are obtained by
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applying appropriate spatial windows, as illustrated in Section 2.3.1. These A-scan

signals are denoted by A1 ret, Ais and Axs for the defect-free, 15 mm and 25 mm

defective regions, respectively. The procedure is described below (53):

e Inthe first step of HHT, each A-scan (As ret, A1s and Azs) is decomposed into
14 IMFs by using the EEMD decomposition process. The ensemble size and
noise standard deviation were selected as 500 and 0.2, respectively. The
high-frequency components containing a significant amount of noise were
clearly observed in the first five IMFs (IMF1 to IMF5) in all three cases.
Therefore, only the IMFs from IMF6 to IMF14 were considered for the
processing. The original A-scans and their decomposed IMFs (only IMF6—
14) are shown in Fig. 2.12.

e The power spectral densities of each IMF from IMF6-14 were estimated in
all three cases. The power spectral densities of the original A-scans were
found closer to that of IMF6-9 and therefore added to reconstruct the new
signals. The instantaneous frequency with respect to time of the
reconstructed signal is shown in Fig. 2.13 as described in Chapter 2.2.4. The
noise-free or response region can be clearly observed in Fig. 2.13. The
oscillations are around the mean frequency (150 kHz) equivalent to the
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Fig. 2.12. EEMD decomposition: showing IMF6—14 of selective A-scan in the defect-free region

(a), region of 15 mm defect(b) and region of 25 mm defect (c) (49).
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Instantaneous frequency, kHz

excitation frequency. However, the oscillations achieve higher peaks in the
case of defective signals compared to the defect-free (53).
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Fig. 2.13. Time-frequency characteristics of reconstructed signal (IMF6—9) after EEMD
decomposition in each case (defect-free, 15 mm defective and 25 mm defective region) (53).

The time-frequency characteristics provided no information about the signal
intensities/energy variation in the defect-free and defective regions. Out of
IMF6-9, the maximum power spectral density was contained in IMF6 and
thus, was used to obtain instantaneous amplitude characteristics and the HHT
spectrum of the signals in the defect-free and defective regions. The HHT
spectrum is shown in Fig. 2.14a in the time range of 0 to 70 ps. This time-
range covers the most interactive time range of 20 to 70 us in which GWs
interact in a more comprehensive manner with the defective regions. Fig.
2.14a shows that the time-span of the signals in the defective regions is longer
as compared to the signal in the defect-free region. Moreover, the time-span
of the noisy region is lower in the case of defect-free signals (30.65 ps) in
comparison to the signals in 15 mm defective region (33.84 us) and 25 mm
defective region (45.30 ps) (53).

The variation in normalized instantaneous amplitudes of defective and
defect-free signals with respect to time is calculated by utilizing eg. (2.2) and
eq. (2.3) and is presented in Fig. 2.14b. After applying a -3 dB of decision
threshold, the time delays between the signals in defect-free and defective
regions are calculated. If t1, t> and ts are the -3 dB points as shown in Fig.
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2.14b, the time delays of the 15 mm (ta1) and 25 mm (ts2) defective signals
with respect to the defect-free signal can be estimated as follows:

tdl = tz - tl (25)
tg2 =tz —t (2.6)

e The estimated time delay in the case of 15 mm defective region is shorter
(2.5 ps) in comparison to the signal in the 25 mm defective region (15 ps).
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Fig. 2.14. HHT spectrum of the signals (IMF6) (a) and their normalized amplitude variation
with respect to time (b) in the defect-free and defective regions (53).
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The short-wave GW testing by using a pair of contact transducers operating in
a pitch-catch mode presented in this Chapter is an efficient technique for testing
composite structures. However, it is limited to the optimal distance between the
transmitting and receiving transducers. Moreover, the continual monitoring of the
composite structures and cover up the large region, the transmitter must be fixed or
embedded at a desired location on the structure to form a measurement technique
based on long-distance GWs. In order to proceed with long-distance GW testing, it is
essential to effectively generate the transducer. Therefore, the displacement
characteristics of a glued/ embedded transducer and its directivity characteristics must
be known before its application in long-distance GW testing. MFC transducers are
widely used with large structures by embedding due to their small size and weight and
good actuators and sensors of the GWSs. The following chapters present the three-
dimensional displacement characteristics and development of an analytical model to
predict the directivity characteristics of a transducer (MFC transducer) and later on
the measurement technique based on long-distance GW testing (using an MFC
transducer as a transmitter and a contact-type receiver) is developed.

2.4 Conclusions

The detailed conclusions along with the limitations and issues associated with
the proposed techniques are:

1. The measurement technique based on short-distance guided waves by using
a special configuration of two contact-type transducers fixed on a moving
panel and operating in pitch-catch mode is proposed to estimate the disbond-
type defects in small composite structures possessing an aerodynamic shape
and complex geometries. Moreover, the signal processing techniques by
combining the positive features of DWT, amplitude detection and HHT are
also described for the estimation of size and location of defects, as well as
the estimation of instantaneous characteristics of the GWs in the defect-free
and defective regions.

2. The disbond type defects of 15 and 25 mm in diameters have been
successfully detected. The size and positioning of the defects are also
estimated. However, the technique is limited by the optimal distance between
the transducers, the size of defects (defect must be greater than the operating
wavelength) and the thickness of the layered structure.

3. In comparison to the current contact-based ultrasonic NDT techniques (e.g.
ultrasonic pulse-echo and phased-array technique) used for structures
possessing an aerodynamic shape and complex geometries (e.g. aircraft
wings and WTB), the novel features of the proposed technique are its
flexibility in terms of locating the transducers as compared to the ultrasonic
pulse-echo, less complexity and cost-effectiveness in comparison to the
ultrasonic phased-array technique in terms of number and configuration of
transducers.
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4.

64

Other novel features in the proposed measurement technique and signal
processing techniques can be summarized as follows: (i) The fixed distance
between the contact-type transducers assure the reduction in attenuation and
dispersion losses that could be produced due to the variable distance between
transducers. (ii) Using the transducers operating in thickness mode and more
sensitive to the out-of-plane radiations facilitates the application of simple
amplitude detection techniques on the received guided wave signals to
distinguish between the defect-free and defective regions. (iii) The selection
of appropriate mother-level based on the correlation between the original
signal to only the highest detailed level signal is proposed which reduces a
significant amount of computation time.



3. THREE-DIMENSIONAL DISPLACEMENT CHARACTERISTICS AND
DIRECTIVITY PATTERN OF P1-TYPE MFC TRANSDUCER

3.1 Demand and motivation

The transducer which can be glued/embedded (e.g. MFC transducers) within
large composite structures plays a vital role in long-distance GW testing and SHM of
the structures as explained in Chapter 1.4.2. However, the effective generation
depends on the location of the transducer to cover the region of interest, the knowledge
of propagating GW modes by using a transducer for different frequency of excitation
and type of propagation medium. Therefore, it demands the following estimations:

e Calculation of 3D displacement characteristics of a transducer: by estimating
the 3D displacement characteristics of a transducer, the dominant wave
components can be obtained which could provide additional information to
increase the accuracy of inspection method. Moreover, after comparing the
3D characteristics with the manufacturer data sheet, the defective and faulty
transducers can be omitted from real-time applications (48). In the LF
ultrasonic, three displacement components i.e. Ao, So and SHo of ultrasonic
GW are widely used to inspect structures depending on the type of
transducer, excitation frequency and sample. In this chapter, P1-type MFC
transducer (48, 103) has been considered to obtain the 3D spatial
displacement components of the propagating wave. The description and
characteristics of the P1-type MFC transducer have already been introduced
in Section 1.4.2.

e The knowledge of directivity characteristics of a transducer or array of
transducers can increase the accuracy of inspection of large and complex
structures in different ways. It can facilitate the NDT engineer to decide the
exact location where the transducer must be embedded/glued on the object
under investigation, to decide the excitation frequency of a transducer for the
propagation of the desired wave mode (e.g., the Ao, So or SHo in LF
ultrasonic) or to optimally select the appropriate configuration of transducers
(49, 50). Analytical modelling is a fast and effective approach in comparison
to numerical modelling and experimental approach which can be used to
estimate transducer directivity in any propagation medium.

The objective of this Chapter is to investigate three-dimensional spatial
characteristics of P1-type MFC transducer with an active dimension (28 x 14 mm)
and its possible application for testing and structural health monitoring of composite
structures using ultrasonic GWs. Another objective of this Chapter is to develop and
validate an effective 2D analytical modelling for the estimation of directivity of any
contact-type ultrasonic transducer or configuration of transducers at any excitation
frequency by knowing the behavior of a transducer and dispersive characteristics of
the propagating medium The P1l-type MFC transducer is considered for the
demonstration of the 2D model. The organization of this Chapter is as follows:
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e Firstly, to estimate the resonant frequency, phase and impedance
characteristics of unloaded P1-type MFC transducer.

e Secondly, to measure the 3D spatial displacement characteristics of unloaded
P1-type MFC transducer by using the Polytec 3D laser vibrometer. The in-
plane and out-of-plane displacement characteristics along the length and
along the width of MFC are plotted and compared. The applicability of P1-
type MFC transducer in ultrasonic NDT and SHM of composite structures
based on displacement characteristics is also discussed.

e The 2D analytical model is developed to predict the directivity pattern of
contact-type ultrasonic transducers and demonstrated by P1-type MFC
transducer glued on Al alloy plate at two different excitation frequencies (80
kHz, 5 periods and 220 kHz, 5 periods). Finite element (FE) analysis is
performed to verify the results of the directivity patterns of Ao, So and SHo
waves. The experimental investigation with special scanning by LF
ultrasonic system developed at Kaunas University of Technology is
performed for further validation of results (for Ao wave).

e After validating the 2D model, the directivity pattern at the resonant
frequency (43 kHz) of MFC transducer in Al and composite structure
(GFRP) is estimated.

¢ Finally, the conclusions of the Chapter are presented.

3.2 P1-Type MFC transducer

Due to its small size, light weight, flat geometry, ability to work in actuation,
transmission and sensing mode, the macro fiber composite (MFC) transducer is one
of the best transducers (48, 103, 105, 114) for non-destructive testing (NDT) and
structure health monitoring (SHM) of composite structures. Guided Lamb waves (the
Ao and So) can be effectively transmitted and received by using an MFC transducer
(105). The So (in the direction of wave propagation) mode is mainly distributed in-
plane and the Ao mode contains dominant out-of-plane components of the propagating
waves. As P1-type MFC operates in elongation mode (the d33), the So mode is the
most dominant.

The inspection using MFC transducer can be easily combined with different
contact and non-contact ultrasonic inspection methods for NDT and SHM of
composite structures (7, 55). The MFC transducers can be easily glued or embedded
within large and complex structures without damaging the surface (50). In aerospace
applications, the embedded MFCs are frequently used for generating and harvesting
ultrasonic wave energy, SHM of a structure and detecting defects and damages due to
impact (48, 183). MFCs have the ability to control the twisting motion of aircraft
wings as well as the airfoils’ acrodynamic shaping (184, 185). Hence, it can increase
the efficiency of an aircraft by improving its aerodynamic performance.

In comparison to active fiber composite (AFC), MFC has a high fiber volume
fraction which ensures its high stiffness and performance. Moreover, MFCs have
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better actuation performance compared to the most common piezoceramic actuators
(48, 184, 185). Embedded MFCs can be used to detect defects or damages in large
and composite structures which were verified by analyzing the composite structure of
A320 wing tested by embedding 10 MFC transducers. The developed system was
based on the transmission and detection of ultrasonic signals, using technology which
can not only transmit ultrasonic waves and harvest the energy of vibrations, but also
successfully detects impact-type damages (183).

MFC transducers (both actuator and sensor) were also used in the non-contact
ultrasonic system with a laser transmitter and air-coupled sensors for analyzing the
adhesively bonded joints of the skin-to-spar structure of the composite wing (186).
MFC has also been used for testing the honeycomb sandwich structures, which are
widely used in aerospace and transport industries, as well as in a sector of structural
integrity testing of large engineering constructions. Although, conventional C-scan
and radiography based methods are widely used to analyze the honeycomb structures
(187), the researcher has been working on effectively utilizing the MFC transducers
to improve the ultrasonic system. The embedded ultrasonic system was developed to
inspect complex composite structures using MFC as a transmitter bonded to the
honeycomb sample and the contact-type receiver to detect large
delaminations/disbonds (diameter of around 200 mm) (188). The MFC actuators can
also be used for vibration control in honeycomb structures. The P1l-type MFC
transducer can be applied to simplify the honeycomb sandwich model into the finite
plate model. In this way, the vibrating plate can be actively controlled by surface-
bonded MFCs by reducing the vibroacoustic radiations (189).

Applying the rosette principle (three P2-MFCs operate as a rosette) and two
rosette sensors possessing high directivity can also be used for locating wave sources
in complex composite structures without knowing the velocities of propagating waves
and without using complex modelling as compared to the time-of-flight method (190).
The P1-MFC actuators based on bimorph configuration were successfully tested and
implemented in aerodynamic pressure flow control in which eight P1-8557-MFCs
were used to form the active surfaces. In addition, MFCs have also effectively
contributed to aerodynamic shape control (191). MFC-P1-type actuators of 3 different
sizes were successfully tested for the efficient wavelength tuning of Bragg reflector
laser which can be used to avoid multi-laser sources for the applications of wavelength
division multiplexing (WDM) (192).

In our research, MFC transducer of P1-type (M-2814-P1) with dimensions of
28 x 14 mm is used. The photo image of a P1-type MFC transducer is shown in Fig
3.1 (50). The general parametric characteristics of the MFC-2814-P1 transducer are
presented in Table 3.1 (48).
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Table 3.1. General characteristics of MFC-P1-M2814 (48)

Features Typical value
Active dimension 28 mm x 14 mm
Overall dimension 38 mm x 20 mm
Operating voltage -500 V to +1500 V
Capacitance 1.15nF

Free strain 1550 ppm
Blocking force 195N
Operating bandwidth as an actuator 0 Hz to 700 kHz
Operating bandwidth as a sensor 0 Hzto 1 MHz
Maximum operational tensile strain < 4500 ppm
Linear-elastic tensile strain limit 1000 ppm

Fig. 3.1. A photo of P1-type MFC transducer with dimensions of 28 x 14 mm (45)

3.3 Impedance, phase characteristics and frequency response of P1-Type MFC

The MFC-P1-2814 (serial number: 08J100791) manufactured by Smart
Materials (48) was considered for the experimental analysis. In order to estimate the
resonant frequency of the MFC transducer, the frequency response of the MFC should
be known. The Wayne Kerr 6500B impedance analyzer was used to measure the phase
and impedance characteristics of P1l-type. Fig. 3.2 shows a schematic of the
experiment.

The impedance and phase characteristics of the MFC transducer are presented
in Fig. 3.3 from which the resonant and antiresonant frequencies can be obtained. The
resonant and antiresonant frequencies were observed very close to each other as 41.38
kHz and 43.63 kHz, respectively (48). Moreover, the phase jump frequency of 42.58
kHz is also close to these frequencies. Hence, the excitation frequency of 43 kHz was
selected to excite the MFC transducer for the analysis of 3D displacement using a
Polytec 3D laser vibrometer.
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Fig. 3.2. A schematic showing the measurement of impedance and the characteristics of P1-type
MFC transducer (MFC-P1-2814) using Wayne Kerr 6500B impedance analyzer (44).
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Fig. 3.3. Impedance (a) and phase characteristics (b) of the P1-type MFC transducer (44).

In order to analyze the frequency response of the MFC transducer, the following
steps have been performed:

Step 1: The MFC transducer was glued at the center of Aluminum (Al) alloy
plate with dimension of 1000 x 1000 x 2 mm and excited with 220 kHz, 3-
period excitation signal. The mechanical properties of the Al plate are
presented in Table 3.2. The response hi(t) has been recorded with a contact-
type transducer (see Chapter 2.2.1 for details) located at 100 mm along its
longitudinal axis. The sampling frequency was 25 MHz. The response in
frequency domain Ha(f), is calculated as:

H,(f) = FT(h, (¥)] (3.1)
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Step 2: Two contact-type transducers operating as a transmitter and receiver
were used to record the response hz(t). The same parameters and medium
(Al alloy plate) as described in step-1 were used. The frequency response in
this case is given as:

Ha(f) = FT(h; ()] 3.2)
Hence, the magnitude response |H(f)| of P1-MFC in Al plate can be expressed
as:
[H1 (Pl
H(F)| =—= .
HE = 75 (33)

These signals are plotted in Fig. 3.4a—e. The magnitude response [H(f)| of the
MFC transducer is shown in Fig. 3.4e. The |H(f)| attains its maximum amplitude at 45
kHz frequency which is closer to the resonant frequency of the MFC transducer.

Table 3.2. Mechanical properties of Al-alloy plate (50)

Symbol | Quantity Numerical Value
E Modulus of elasticity | 71 GPa

P Density 2780 kg m®

) Poisson’s ratio 0.33
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3.4 Experimental investigation of Pl-type MFC transducer by 3D laser
vibrometer

In the next step, the 3D displacement (in-plane and out of plane) components of
an unloaded and vibrating MFC-P1-2814 transducer at 43 kHz is measured with a 3D
Polytec PSV-500-3D-HYV scanning laser vibrometer. This experiment was performed
to verify the dominant performance of spatial displacement of MFC along the length
(d33 or elongation mode). The basic characteristics of Polytec PSV-500-3D-HV laser
vibrometer are listed as follows (48):

e There are a total of three scanning heads in the vibrometer. The top head
((PSV-1-500) has very high precision and contains a geometry scan unit
(PSV-G-500) and a full HD camera. The HD camera has the ability of 20x
zoom for accurate and effective video triangulation, visualization and
alignments (48).
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The other two heads are called Left/Right scanning heads which do not
contain the geometry scan unit or an HD video camera.

The decoder is used to decode the information of velocity from the HF
Doppler signal feeding on the scanning head.

Interfacing between the Front-end unit and scanning heads is provided by the
Junction box (PSV-E-530).

Finally, the data is supplied to a PC for further processing via an Ethernet
interface.

The schematic of the experimental analysis of a free-vibrating MFC transducer
is presented in Fig.3.5. Before proceeding with the experimental investigation, laser
heads are aligned to the test sample (P1-type MFC) as well as to each other.

The positioning of laser beams on defined scan points on the surface of MFC is
a two-way process (48).
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e The 2D alignment is the first step which is also called standard
alignment. A live video image is used for positioning the laser beam on scan
points.

o The 3D alignment is the second step of this process. A 3D coordinate
system is used to estimate the angles between the spatially scanned mirrors
for a given point. It should be noted that PSV software itself provides
corrections in the process so that all measurement points are covered by
positioning the laser beam. This positioning is used for the experiment.
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Fig. 3.5. A schematic of the experimental set-up for measuring the 3D
displacementcomponents of P1-type MFC transducer using a 3D Polytec laser
vibrometer (PSV-500-3D-HV) (44).

The accuracy of positioning the left, right and the top lasers was achieved as 0.2
mm, 0.2 mm and 0.1 mm, respectively. The 17 measurement points along the length
of the MFC transducer with a step size of 1.75 mm were selected by the PSV software
of the vibrometer. The same number of points along the width of the MFC transducer
was selected with a step size of 0.875 mm. Therefore, the total number of
measurement points along the structure of MFC was 289 (48). The 120 cycles of burst-
type sinusoid signal of frequency 42 kHz and peak amplitude of 10 V is used to excite
the MFC transducer. The received signals are recorded at a sampling frequency of
1.25 MHz(48). The accuracy of the results depends on the noise. Misalignment of
laser heads and variations in operating temperature may cause error in the results.
Therefore, 23°C ambient temperature is maintained during the experiment and 64
signals are averaged before recording the signals.

Although a total of 289 points were scanned, the symmetry of the MFC structure
facilitated to consider points along the two edges. Hence, 17 points on the edges (along
the length and width) are considered to obtain the 3D displacement components of
MFC. Fig. 3.6 shows the in-plane (X-component (along the width of MFC), Y-
component (along the length of MFC)) and out-of-plane (Z-component) components
of the propagating wave.
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Fig. 3.6. The measurement points and chosen points along the edges of the MFC transducer
for the analysis of 3D displacement characteristics (48).

3.4.1 Results and discussions

The maximum values of positive and negative 3D displacements are estimated
in order to plot the X, Y and Z displacement characteristics along the length and width
of MFC. The experiment was repeated three times and the variations in the results in
each case were less than 1%. Fig. 3.7a—e shows the maximum positive and negative
spatial displacements along the length and width of MFC.

The outcomes can be summarized as follows(48):

e Along the length of MFC, the variations in maximum Y -displacements (Fig.
3.7a) are the highest. On the other hand, variations in X-displacements (Fig.
3.7b) are the highest along the width among all three displacements.

e In comparison to the range of X displacement (-35 nm to +35 nm) and Z-
displacement (-100 nm to +100 nm), Y-displacement range (-167 nm to +167
nm) is much higher (48). Hence, it confirms that P1-type MFC works in
elongation or d33 mode and has dominant longitudinal displacements.

o The displacement profile of Z-displacement (which corresponds to the out-
of-plane A0 mode) is similar to the Y-displacement profile but the
amplitudes are much lower than that of Y-displacements. (Fig. 3.7e—f).
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displacements) (44).

In LF ultrasonic, an MFC transducer can effectively generate and receive
fundamental Lamb modes (the So and Ao). The So and Ao waves contain the dominant
wave components along the length and transverse (out-of-plane) directions,
respectively (193). Hence, the performance of MFC transducer to generate and receive
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the So mode can be described by in-plane Y displacements (Fig. 3.7b, €). Similarly,
the performance of MFC to generate and receive Ao mode can be described by out-of-
plane Z displacements (Fig. 3.7c, f). There is another type of non-dispersive guided
wave mode in LF ultrasonic which is called the fundamental shear horizontal mode
(SHo) (114, 194). The dominant particle motion of SHo wave remains in in-plane and
perpendicular to the So wave. The performance of SHo mode is described by both X
and Y displacement components (Fig. 3.7a, b, d, e) (50).

In order to compare the displacements at the center and corner of MFC
transducer with respect to time, scanned points at the center (scanned point 6) and
corner (scanned point 9) of the MFC transducer are selected (Fig. 3.8).

Center point
(Scanned point 6)
Corner point

(Scanned point 9)
Z =

MFC-P1 ¢
(28 x14 mm) X

Fig. 3.8. Center (scanned point 6) and corner (scanned point 9) points of MFC transducer on
its longitudinal axis (48).

The HT is applied to each of the three displacement components measured at
the center and corner points in order to estimate their envelopes. The results are
presented in Fig.3.9a-f. The time axis is selected to pick up the maximum
displacements at each point.

The results (Fig.3.9a-f.) are described below (48).

e The X-displacements at both center (Fig. 3.9a) and corner (Fig. 3.89) points
are minimum among all three displacement components. Moreover, there is
no significant difference observed in the maximum X-displacements at center
or corner point (range of 10 nm tol2.2 nm). Hence the generation and
reception of SHo wave by MFC transducers are not effective in ultrasonic
NDT (48).

e After comparing the Z-displacement (Fig. 3.9b) and Y-displacement (Fig.
3.9¢) at the center point of MFC transducer, it is clearly observed that
maximum Z-displacement is slightly higher (the difference is 5.5 nm) as
compared to the maximum Y displacement.
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e The maximum Y-displacement (166.7 nm) at the corner point (Fig. 3.9¢) is
much higher than the maximum of X (12.3 nm) and Z-displacements (33.5
nm) at the corner points ((Fig. 3.9d) and (Fig.3.9f)). Moreover, a large
increment in the value of maximum Y-displacement from 21.5 nm at the
center to 166.7 nm at the corner point confirms its ability to receive and
generate So waves in a dominant manner.
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Fig. 3.9. The variations in X, Y and Z ((a),(b) and (c), respectively) displacements at the centre
point; X, Y and Z ((d),(e) and (f), respectively) displacements at the corner point of MFC
transducer with respect to time (44).
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3.5 Two-dimensional analytical model for predicting the directivity of
ultrasonic contact-type transducers

The 2D analytical model for predicting the directivity of ultrasonic contact-type
transducers is developed on the basis of Huygens’s principle of propagating waves
(49, 50). Huygens’s principle states that all points on a wavefront can be termed as
point sources of wavelets traveling with the velocities of propagating wave modes
(50, 195). The assumptions and the basic steps of the proposed 2D model are described
as follows (50):

e The model is valid for a contact-type ultrasonic transducer of any shape and
is considered as point sources distributed on a 2D surface. The 81 sensing
elements are created by considering the arbitrary points spaced equally along
the half-circle (0 to 180°). The distance between the sensing elements and
the center of the transducer can be selected as per requirement.

o All distance vectors from all distributed point sources are integrated to each
of the sensing elements.

e The transfer function is calculated by multiplying the attenuation and phase
parts. The transfer function depends on the distance, phase velocity of the
propagating wave and the frequency of excitation. It should be noted that a
computational package Disperse (82) was used to compute the phase velocity
to be included.

e The directivity of propagating wave modes So, Ao or SHo also depends on the
amplitude and direction of a specific propagating wave. Thus, a correction
factor which depends on the amplitude and direction of propagating wave
modes along the structure of the transducer is multiplied to the input signal.
The calculation of correction factor is presented in Section 3.5.2. After
including the correction factor, the spectrum (Fourier transform (FT)) of the
input signal is called modified/corrected spectrum of the input signal.

e The diffraction in distances has been taken into account by including the
diffraction factor.

e The output signal in the frequency domain is calculated by multiplying the
corrected/modified spectrum of input signal, transfer function and the
diffraction factor.

e The output signal in the time-domain is calculated by taking the inverse
Fourier transform (FT™). Finally, the normalized peak-to-peak amplitudes of
the output signal along the polar coordinates are plotted to obtain the
directivity pattern of a particular propagating wave mode.

3.5.1 The formulation of a 2D analytical model for calculating the directivity
of a transducer

The model is presented in Fig. 3.10 (49, 50). A rectangularly shaped transducer
has been considered for the mathematical description of the proposed 2D model.
However, the basic methodology behind this model depends entirely on the
integration of distance vectors from point sources to the sensing point. The center of
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the transducer is considered as the origin in a 2D coordinate system for the model (49,
50).
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Fig.3.10. A schematic of the 2D analytical modelling for calculating the directivity of an
ultrasonic trsnducer (46)

The rectangular section of the transducer is divided into n segments spaced by
dL along the length of the transducer (L). All line segments are further divided into m
different points with a step size of dw along the width of the transducer. Hence, the
coordinates of point sources can be expressed as (49, 50):

L
m=n=1)-dw==5y, = (n—1)-dL -2 (3.4)

where n line segments are given as (n = 1, 2 ... N); m point sources are given as (m =
1,2 ... M); xm and yn are the x and y coordinates of the point sources.

The simulation time depends on step sizes (dL and dw). By keeping the step sizes
longer, simulation time can be reduced by compromising the resolution and accuracy
of results. The optimal values can be selected depending on the size of the transducers.
The k arbitrary receiving elements equally spaced from 0 to 180° along the half-circle
at distance R from the center of transducer (origin) are created. Hence, the location of
receiving elements can be given as (49, 50):

Xr = R - cosby; yx =R - sinb, (3.5)
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where K receiving elements are given as (k = 1, 2 ... K); 6k is the angle between
the k™ receiving point and origin (6k = [(k—1) -d6]; d@ is the angular separation between
receiving elements); xk and y« are the x and y coordinates of the receiving elements.

The distance from the m™ point source to the k™ receiving element can be
calculated as(49, 50):

dk,n,m = \/(xk - xm)z + (yk - Yn)z (3.6)
— -1 Yk _'Yn]
Ok nm = tan [—xk o (3.7)

where dknm is the distance vector and 6knm is the corresponding angle.
The transfer function for the plane waves can be calculated by multiplying the
attenuation and phase components (49, 50):

_jznfdk,n,m
Hr (f, iy Vpn) = =<0 e - @ “0pn () (3.8)

where H (f, dknm, Vpn) is the transfer function; a(f) is the frequency-dependent
attenuation coefficient; ven phase dispersion velocity depends on the thickness (h) of
the medium and the frequency of excitation.

The correction factor (Cr) depends on the type of propagating GW mode (e.g.
the Ao, So or SHo) and can be expressed as (50):

Cr = Af 'DF(Gk,n,m) (3.9)
where Ar and Dr are the amplitude and direction factors of the particular wave mode.
The correction factor is multiplied to the input signal depending on the

requirement to estimate the directivity-specific GW mode. Hence the
modified/corrected time-domain input signal can be calculated as (50):

ugc(t) = ug(t) - Cr (3.10)

where uec(t) is the corrected/modified input signal; u (t) is the original input signal.
The frequency-domain output signal is therefore estimated as (50):

N M
1
Ure(.00 = )" D Une(F) - Hy(F. s vpn) - ——— (31D

\/d
n=1m=1 knm

where Uec(f) is FT of the modified input signal uec(t); Urk (£ k) isthe FT of the received
signal and 1/Nda,m is the diffraction factor corresponding to the distance.
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The time-domain received signal is calculated by taking the inverse Fourier
transform (FT ") of the Urk (£, &) (50):

up i (t,0x) = FT_l[UR,k(f' Gk)] (3.12)

The peak-to-peak amplitudes (App) and the normalized peak-to-peak amplitudes
(Anpp) Of received signals can be calculated as follows (50):

App(6y) = max|ug x (¢, 0;)| — min[ug (¢, 6x)] (3.13)
_ App (Hk)
Anpp(gk) - [maX[App(Hk)]] (3.14)

where App(6k) and Anpp(6k) p-p amplitudes and normalized p-p amplitudes.
The directivity pattern therefore can be plotted as normalized amplitudes of the
received signal with respect to the angle 6k in a polar coordinate system.

3.5.2 2D analytical model in the case of P1-type MFC transducer glued on Al
alloy plate

The P1-type MFC transducer with active dimension of 28x14 mm is considered
for the demonstration of the proposed 2D analytical model. The 2 mm thick Al alloy
plate with infinite length and width is considered as a propagation medium. The
directivity of the fundamental Lamb modes (the So, Ao) and SHo mode has to be
determined at a distance of 300 mm from the center of the MFC transducer. The 80
kHz, 5-period burst signal with Gaussian symmetry is used as an excitation signal.
There were no specific criteria in selecting the 80 kHz frequency. The motivation
behind this decision is to compare the directivity patterns at different frequencies and
validate them with experimental and FE modelling. Firstly, an 80 kHz frequency is
selected, then the directivity patterns at 220 kHz and resonant frequency (43 kHz) are
estimated. The received signals are recorded at a sampling frequency of 1.6 MHz. The
phase velocity dispersion characteristics for a2 mm thick Al alloy plate are calculated
with the computational package Disperse (82). The excitation signal and dispersion
characteristics for a 2 mm Al plate are shown in Fig. 3.11. The parameters of the Al
alloy plate have already been described in Table 3.2. The phase velocities at 80 kHz
were observed as 1183 m/s, 2903 m/s and 5409 m/s in case of the Ao, SHo and So
modes, respectively.
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Fig. 3.11. An excitation signal of 80 kHz, 5 periods (a) and phase velocity dispersion
characteristics of 2 mm Al alloy plate (50)

According to the modelling steps discussed in Section 3.5.1, the directivity of
the propagating wave modes (the So, Ao, SHo) is estimated. Along the length (28 mm)
of MFC transducer, 29 segments equally spaced by 1mm are considered. Each
segment is divided into 15 points in order to describe the distributed point sources
over the structure of MFC. The arbitrary receiving zone is created by considering 181
arbitrary sensing elements from 0 to 180° with an angular separation of 1° along the
half-circle. The distance between all sensing points and the center of the transducer
was selected as 300 mm. As aluminum is an isotropic and lossless medium, the value
of attenuation coefficient a (f) was considered as zero. The direction and behavior of
particle displacements of P1-type MFC transducer are shown in Fig.3.12a. Due to the
operational behavior of P1-type MFC in elongation mode, the particles in the upper
and lower half of MFC transducer travel in the opposite direction along its length. The
estimation of correction factor (Cr) which depends on the amplitude and direction of
propagating wave mode is presented in Fig. 3.12b. The amplitude factor (Ar) was
selected as a linearly increasing value from O (at the center of MFC transducer) to +1
(at the edges of MFC) along the length.

The theory of GW modes implies that So mode possesses dominant radiation in
the direction of wave propagation, while the SHo contains dominant radiation in the
direction perpendicular to the direction of wave propagation and Ao contains dominant
out-of-plane radiations. By utilizing this theoretical description and the behavioral
characteristics of MFC transducer, the direction factor (Dr), can be considered as
constant (e.g. unity), cos (Gknm) and sin (Gknm) for the Ao, SHo and So modes,
respectively, as illustrated in Fig. 3.12b.

The correction factor for each mode can be calculated from Eq. (3.15) as (49, 50,
59):

Cr(So) = Ar(y)- Sin(ek,n,m)'
Cr(SHy) = Ar(y) - C05(9k,n,m); (3.15)
Cr(4p) = Ar(¥)
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Fig. 3.12. Particle displacements in P1-type MFC transducer (a) and correction factor Ce
(multiplication of amplitude factor A and direction factor Dg) (b) (46)

3.5.3 Numerical modelling using finite element analysis

The FEA is performed by ANSYS commercial software package to verify the
proposed analytical model. The Al alloy plate of dimension 1000x1000%2 mm was
modeled in a three coordinate system (3D). SOLID 64 elements were used to develop
the 3D model which is frequently used for solid-type structures. Each element with a
size of 1 mm had eight nodes with three degrees of freedom or translation into three
coordinates (x, y and z directions). The mechanical properties of Al alloy plate are
already presented in Table 3.2 (50).

Instead of developing an explicit model of P1-type MFC transducer, only its
behavior was considered to be incorporated in the modelling (196). The same
excitation signal (force) of 80 kHz, 5 periods of sinusoidal burst with Gaussian
symmetry as shown in Fig. 3.11a is used to excite the transducer. The sampling
frequency (1.6 MHz) was also similar to that used in analytical modelling. In order to
create the transmitting zone similar to the behavior of P1-type MFC transducer of
dimension 28x14 mm, lower and upper half sections of the MFC transducer were
excited with excitation signals in opposite phases. Only an arc from 0 to 90° (one-
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quarter of a circle) of 300 mm radius is considered in order to reduce the simulation
time as illustrated in Fig. 3.13 (50).

Al alloy plate: 1000 x 1000 x 2 mm

Arc of 300 mm

radius
Excited by 80 kHz

with 180° phase
shift

M FC_P1_2814 lllllllllll

393 mm Excited by 80 kHz
frequency

Fig. 3.13. Explanation of numerical modelling using FEA (50)

The rectangular section of the MFC transducer was located at 386 mm from the
bottom and 393 mm from the left edge of the Al alloy plate. Numerical integration
was performed to obtain a solution. The variations in particle velocities at various time
instants were obtained in the structure. The calculation of resultant particle velocities
in the direction of propagation, perpendicular to the direction of propagation and out-
of-plane to plot the respective directivity patterns of So, SHo and Ao modes is presented
in Fig. 3.14 (50).
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Fig.3.14. Particle velocities (Sx, Sy and S;) in the x, y and z-direction (a); Resultant received
signals (Rso) and (Rsno) in the direction and perpendicular to the direction of propagation,
respectively (b) (46)

e Let us consider the three components of particle velocities along the MFC
width (x-axis), out-of-plane (y-axis) and along the MFC length (z-axis) are
denoted by Sx, Sy and S, respectively, as shown in Fig. 3.14a (50).

e A graphical representation of the estimation of resultant signals for the
calculation of directivity of So (Rso) and SHo (RsHo) modes is presented in Fig.
3.14b. The resultant signal for calculating the directivity of out-of-plane Ao
mode (Rao) isequal to Sy. If @ is the angle to the direction of wave propagation
from the positive x-axis, the resultant signals can be expressed as (49, 50):

Rgg = S,sinf + S,.cos6 (3.16)
Rsyo = S,c0s0 — S,sinf (3.17)
R0 =S, (3.18)

Fig. 3.15a-c shows the B-scan images of the resultant signals after processing
the data in MATLAB (50). It can be observed from Fig. 3.15a-c that time-of-arrival of
Ao, SHo and So are 225 us, 175 us and 100 ws, respectively (50). Therefore, the fastest
mode is So. The directivity patterns of each of So, Ao and SHo modes can be constructed
by plotting these signals (Rso, RsHo, Rao) in the polar axis.
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Fig. 3.15. The B-scan images of resultant particle velocities in the direction of propagation (the
So) (a), perpendicular to the direction of propagation (the SHo) (b), and out-of-plane (the Ao) (c)
(46).

3.5.4 Experimental analysis

The experiment was performed to calculate the directivity of a P1-type MFC
transducer. A schematic of the experiment is shown in Fig.3.16. The propagation
medium was the Al alloy plate and its characteristics are already described in Table
3.2. The dimensions of Al alloy plate was 1000%1000%2 mm) and the MFC transducer
was glued at its center. The MFC was excited with 80 kHz, 5-period burst signal
having Gaussian symmetry. The point-type contact ultrasonic transducer, as described
in Section 2.2.1, was used to record the GW signals (50, 53, 55, 101). The sampling
frequency used was 100 MHz. It should be noted that a contact-type receiver operates
in thickness mode which is more sensitive to the out-of-plane dominating components
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of the Ao mode. Hence the directivity of Ao mode was calculated from the experimental
analysis.

Computer for
data acquisition
and processing

= -
USB V.2
e IN
Ultrasonic Preamplifier
measurement 20 kHz - 8 MHz
ouT| [system “Ultralab”] 13.4 dB at 1 MHz
i)
MFC-P1 transmitter
(28 mmx14 mm)
300 mm
Wideband
b contact type
[ / receiver
/

Aluminium plate
(1000 x 1000 x 2 mm)

Fig. 3.16. Experimental set-up for the analysis of directivity of P1-type MFC transducer glued on
an Al alloy plate (46).

The LF ultrasonic system Ultralab developed at the Ultrasound Institute of
Kaunas University of Technology was used in the experiment. The characteristics of
the LF ultrasonic system are already presented in Table 2.3 (see Chapter 2.2).

The experiment is performed in a pitch-catch mode. The MFC transducer was
glued/fixed at the center of an Al plate and the contact-type receiver was scanned up
to 200 mm towards MFC transducer. The initial position of the receiver was 300 mm
from the center of the MFC transducer. In order to avoid interference and mode
mixing, scanning along the arc to calculate directivity was not performed. Instead, the
scanning and signal processing procedure as presented in Fig. 3.17 is performed (50).

Similarly to the numerical modelling, the symmetry in MFC structure facilitated
to scan only an arc from 0 to 90° (one-quarter of a circle) of 300 mm radius for
shortening the time spent in the experiment. In total, 19 B-scans are acquired at each
5° as shown in Fig.3.17a. The scanning step was 0.5 mm. In order to pick up the
dominant Ao mode, 2D-FFT (132) is applied to all B-scans. The rectangular window
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of 60-110 kHz in frequency and 0.04-0.075 1/mm in spatial frequency was applied to
the dispersion curves of all 19 B-scans after 2D-FFT. However, only three dispersion
curves obtained by the 2D-FFT of the first, tenth and nineteenth B-scans obtained at
0°, 45° and 90°, respectively, are shown in Fig. 3.17b-d. After applying the frequency-
window, the directivity patterns were constructed by taking into account the
maximum energy of all 19 signals. To validate the modelling results at different
frequencies, another frequency of excitation (e.g. 220 kHz) is selected. The
experiment was performed again with the same set-up by exciting the MFC transducer
with 220 kHz, 5-period burst signal.

14 mm
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28 mm|°

o
N

Frequency
window
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//7/////
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-300
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Fig.3.17. A schematic of the scanning procedure performed in the experiment (a); Dispersion
curves and frequency window for the first, tenth and nineteenth B-scans at 0°, 45° and 90°,
respectively (46).
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3.5,5 Results and discussions

The directivity characteristics obtained from the analytical modelling and
numerical modelling are perfectly match each other. Fig. 3.18a-c compares the
directivity patterns of MFC transducer in So mode, Ao mode and SHo mode,
respectively, at 80 kHz obtained by analytical and numerical modelling (49, 50):

Analytical — Analytical f— Analytical ——

FE Modelling ----- FE Modelling ----- FE Modelling -----
90

1

150

0 180

270 270 270

(a) (b) (©)
Fig. 3.18. Directivity patterns of the Sy (a), Ao (b) and SH, (¢) GW modes at 80 kHz (46).

After observing the results (Fig. 3.18), the outcomes are described as follows (50):

e The So guided wave mode is most directional and dominant among all three
GW modes. It confirms the operation of Pl-type MFC transducer in
elongation mode. Moreover, So and Ao contain dominant wave energy (major
lobes) in the longitudinal direction (90°or 270°). However, the beam-width
of So mode was observed as broader compared to the Ao mode.

e The minor lobes at 0°, 40°, 140°, 180°, 220° and 320° were observed in the
directivity pattern of Ao mode (Fig. 3.18b).

e The directivity pattern of the SHo wave showed radiation intensities in the
direction towards 40°, 140°, 220° and 320°.

e These directions could suggest where to locate the transducer or which GW
mode must be used to inspect the damages/defects on the structure.

e Operating wavelength of So wave was 67 mm as compared to the 14.83 mm
that of Ao mode. The comparison of wavelengths with the length of the MFC
transducer affects the shape of directivity patterns (49, 50).

As analytical and FE modelling results are identical, the next step is to compare
the analytical modelling and experimental results. The directivity patterns of the Ao
mode obtained using the proposed analytical model are compared with the
experimental results at two different excitation frequencies (80 kHz and 220 kHz) and
presented in Fig. 3.19. It should be noted that the selection of 80 kHz and 220 kHz
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frequencies to present the modelling and experimental results had no specific reasons
rather than showing the validity of the developed analytical model at different
frequencies. It can be clearly observed from Fig 3.19a-b that the shape of major lobes
of directivity patterns obtained experimentally are almost identical to the analytical
results. The shape and number of minor lobes also match but the size of minor lobes
shows a significant difference. In comparison to the directivity characteristics at 220
kHz (Fig. 3.19a), the major lobes are broader at 80 kHz (Fig. 3.19b), with a lesser
number of minor lobes (50).

Analytical —— Analy‘t_ical ——
Experimegacal N Experimental ——
1

270 2‘;0
(a) (b)
Fig. 3.19. A comparison of directivity patterns of the A, obtained by proposed
analytical model and experiment at excitation frequency of 220 kHz (a) and 80 kHz

(b) (46).

The difference between the size of minor lobes in analytical and experimental
results is associated with the amplitude of signal distribution (amplitude correction
factor (Ar)) along the MFC structure as described in Chapter 3.5.2. During the
implementation of analytical modelling, the approximated value of the amplitude
correction factor was considered as zero at the center and linearly increased up to £1
at the edges of MFC. In future research, the modelling results can be improved by
considering a more accurate value of the amplitude correction factor.

Apart from the shapes of the minor lobes, the results at two different frequencies
showed a good matching, hence the developed 2D analytical model can be used to
predict the directivity pattern of a contact-type transducer with known dispersive
characteristics of the medium. The directivity of MFC transducer at resonant
frequency (43 kHz) is also estimated by the analytical model and presented in Fig.
3.20.

It can be clearly observed in Fig. 3.20 that directivity patterns for So and SHo
modes are almost similar to that of 80 kHz frequency. However, the directivity pattern
of Ao mode at 43 kHz is not as directional compared to the 80 kHz but covers a broader
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region. As mentioned earlier, the shape and size of major and minor lobes of
directivity patterns depend on many factors, therefore, it is always better to estimate
an approximated directivity pattern of a specific mode of interest in the case of
glued/embedded transducer used before testing the sample.

A0:43 kHz $0:43 kHz SHO0:43 kHz

€0y

0 180 fo-ov-t

0 180

270

(b) ()

Fig. 3.20. Directivity patterns of the A (a), So (b) and SHo (c) GW modes at 43 kHz by the
developed analytical model.

3.5.6 Directivity pattern of MFC transducer in GFRP material at resonant
frequency

In this dissertation, an MFC transducer is glued on the GFRP material and a
contact-type receiver is used to pick-up the Ao mode for the estimation of defects by
using long-distance GW testing by exciting the MFC at 43 kHz frequency (see
Chapter 4). The directivity of the MFC transducer in the defect-free region of GFRP
material at 43 kHz frequency has been estimated (in the case of Ao mode). It should
be noted that the dispersive characteristics of the multi-layered composite material
(e.g. GFRP) are different in different angular directions in comparison to the isotropic
materials. That is why the semi-analytical finite element (SAFE) method is used to
calculate 19 phase velocity dispersion characteristics at every 5° angle in the range of
0° to 90° degrees (197, 198, 199, 200). Phase velocity dispersion characteristics at 90
(along the longitudinal direction of MFC), 45 and 0° (along the width of MFC) angular
directions are shown in Fig. 3.21a-c. However, only the guided Ao mode is considered
to estimate the phase velocities. Afterward, the directivity pattern of Ao modes is
estimated in the range of 0 to 360° as the MFC transducer has a symmetrical structure.
It is also assumed that the layered structure of composite is similar in the angular range
of (0-90° and 90-180°.) and (0—180° and 180-360°). The properties of GFRP material
is already presented in Table 2.2 (see Chapter 2.2.1 for details). The thickness of
various layers in the defect-free and defective regions are illustrated in Table 3.3 (55).
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However, only the defect-free region is considered to estimate the dispersion curves
by using the SAFE method. The overall thickness of the GFRP sample is considered
as 22 mm. The attenuation in the medium is ignored for the prediction of directivity
pattern.

The phase velocities of Ao mode did not show any significant differences and
the phase velocity of Ao mode along 90, 45 and 0° at 43 kHz resonant frequency was
observed as 1190, 1196 and 1183 m/s, respectively. The directivity pattern of Ao mode
is presented in Fig. 3.21d. It is clear that major lobes (maximum directivity) occur at
90 and 270 (in the longitudinal direction of the MFC transducer), hence the defects
located on the GFRP sample can be inspected by the Ao waves if they exist along the
longitudinal axis of MFC.

Table 3.3. The thickness of layers in defect-free and defective region (55)

Parameters Numerical Value
Defect-free region:

Thickness of paint 0.5 mm

GFRP (0°/90°/45°/-45°/0°) layer 2 mm

Epoxy 1mm

GFRP (45°/—-45°) layer 18.5 mm
Defective region:

Thickness of paint 0.5 mm

GFRP (0°/90°/45°/—45°/0°) layer 2mm

Epoxy 1 mm
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Fig. 3.21. Phase velocity dispersion curves along the 90, 45 and 0° in GFRP material. (a—c); The
directivity pattern of P1-type MFC transducer (Ao mode) in GFRP material at 43 kHz (d).

After analyzing the 3D characteristics of the MFC transducer and directivity
patterns of MFC transducer in Al and GFRP material, the next Chapter presents the
utilization of an MFC transducer as a transmitter for the generation of GWs and
estimation of disbond-type defects located on the main spar of GFRP material using
long distance GW testing. The directivity of MFC transducer (A0 mode) in GFRP
concludes that the MFC transducer should be glued on the GFRP sample in such a
way that defects align along the longitudinal direction of the MFC transducer.
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3.6 Conclusions

1.

94

The feasibility of an MFC transducer to be glued/embedded on the composite
structure for long-distance GW testing has been analyzed by estimating its
three-dimensional displacement characteristics and directivity patterns.
Analyzing the three-dimensional characteristics of an unloaded transducer
can assure its validity for its application in the nondestructive testing of
composite structures. Moreover, it also ensures that the transducer itself is
defect-free to be used in real-time applications. The estimation of directivity
patterns can assure the position where the transducer can be fixed, the
selection of appropriate wave mode and an excitation frequency of a
transducer.

The measured value of the maximum longitudinal displacement (in-plane Y
component) was observed as highest (167 nm) when compared to the in-
plane X component (35 nm) and out-of-plane Z component (100 nm) (48). As
the So wave contains dominant wave components in longitudinal and the
direction of propagation, it confirms that the MFC transducer of P1-type can
effective generate/receive the So Lamb wave for non-destructive testing and
structural health monitoring of structures. However, the Ao wave also has a
significant value of maximum displacement. The variations of three
displacement components with respect to the time were also compared at the
center and corner points of the MFC transducer. The maximum amplitudes
of X and Z displacements at the center and corner were almost identical. On
the other hand, the rapid rise in the maximum amplitude of Y displacement
component was observed from its value at the center to the corner point. It
once again confirms that the P1-type MFC works in elongation or d33 mode.
The measurement results of three-dimensional displacement characteristics
showed a good compromise with the behavior of P1-type MFC transducer as
presented by the manufacturer. Hence, analyzing the three-dimensional
characteristics of the unloaded transducer can assure its validity for
application in the nondestructive testing of composite structures. Moreover,
it also ensures that the transducer itself is defect-free to be used in real-time
applications.

A novel 2D analytical model based on the Huygens’s wave propagation
principle is proposed to predict and estimate the directivity pattern of any
contact-type transducer. A P1-type MFC transducer and 2 mm thick Al alloy
medium are used for a demonstration of modelling. It should be noted that
dispersive phase velocity in the modelling is included by calculating the
theoretical dispersion curves based on the thickness of propagating medium.
The model has significant flexibility by providing the option of selecting the
propagation medium, frequency of excitation, type of transducer, etc.
Moreover, the simulation time is significantly shorter as compared to the
time spent on achieving results by experiments and finite element modelling.



5. The 2D model is verified with finite element modelling in ANSYS for the
excitation frequency of 80 kHz. The modelling of the propagation medium
(Al alloy) has been performed but the MFC transducer is included in the
modelling based on its behavior. As P1-type MFC operates in elongation
mode, the upper and lower halves of the transducer section (28 x 14 mm) on
the Al plate are excited with same frequency but opposite in phase. The
analytical and results obtained by numerical modelling showed good
similarities. Further validation for the reproduction of results from the 2D
analytical model, the experimental analysis has been performed at two
different frequencies (80 kHz and 220 kHz). The contact-type receiver
operating in thickness mode is used to pick up the out-of-plane radiations.
Later on, the directivity patterns at resonant frequency of MFC transducer
(43 kHz) are estimated. The directivity patterns of So, Ao and SHo modes
provide the direction of these propagating wave modes. These directions are
very important in the utilization of MFC transducer for inspecting structures
using ultrasonic non-destructive testing. These directivity patterns suggest
that defects/damages along the direction and perpendicular the direction of
wave propagation cannot be tested by SHowaves in Al alloy. Moreover, the
So and Ao are highly directional in the direction of propagation for testing the
structures. It is also observed that the beam width of So and Ao waves reduces
with an increase of excitation frequency but the directivity reduces.

6. After validating the developed 2D model for the directivity pattern of MFC
transducer in Al plate, the model is used to estimate the directivity patterns
in GFRP composite material. The phase velocities of Ao mode in GFRP
material along different angular directions are estimated by the SAFE
method. It is concluded that defects located on a GFRP sample can be
investigated by using the Ao waves generated by a glued MFC transducer
providing that the defects exist along the longitudinal axis of the MFC
transducer.
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4. MEASUREMENT TECHNIQUE BASED ON LONG-DISTANCE GUIDED
WAVES

4.1 Demand and motivation

Large structures can be inspected by gluing or embedding an MFC transducer
(transmitter) and a contact-type transducer (receiver) can be scanned away. In this
research the contact-type transducer used to receive GWSs is more sensitive to the out-
of-plane (Ao) GWSs. In Chapter 3, it is observed that a P1-type MFC transducer has
dominant longitudinal or So wave components but it still generates significant out-of-
plane wave components. The directivity pattern of Ao waves generated by a P1-type
MFC transducer in the GFRP (see Chapter 3.4.6) also confirms that defects in GFRP
can be estimated by the Ao waves if an MFC transducer is glued longitudinally towards
the defective region. In this way a single linear scan (B-scan) acquired by scanning
away the contact-type receiver is enough to estimate and characterize defects by
processing the dominant Ao waves.

In this Chapter, a measurement technique based on an MFC transducer as a
transmitter and a contact-type transducer as a receiver with appropriate signal
processing methods are proposed for the inspection of disbond-type defects in large
composite structures by using long distance GW testing. The same multi-layered
composite sample (GFRP) which has been a segment of WTB, as used in Chapter 2,
is used for the experimental investigation. However, the defect is located on the main
spar of WTB instead of the trailing edge of WTB.

The flow-graph of the measurement technique is presented in Fig. 4.1. The
experiment is performed by gluing the MFC transducer and scanning away the
contact-type receiver. A B-scan acquired after linear scanning over the defective
region is processed for the estimation and characterization of the defect. DWT and
amplitude detection are performed to locate and size the defect. Thereafter, the 2D-
FFT is applied in order to suppress the reflected waves from the other side of the
surface. Finally, VMD and HT are applied to obtain instantaneous amplitude
characteristics of GWs in the defective and defect-free regions, which in turn is used
to calculate the time-or-arrival and phase velocities of the propagating wave modes.

The organization of the Chapter is described below:

e Experimental investigation of the GFRP sample containing an 81 mm
disbond-type defect on the main spar is performed in Section 4.2 by using a
glued P1-type MFC transducer (transmitter) and a contact-type transducer
(receiver).

e The development of signal processing algorithm based on DWT, 2D-FFT, HT
and VMD to extract and characterize the defect by processing the single B-
scan is presented in Section 4.3. The SAFE method is also used to compare
phase velocities calculated by the signal processing approach.

e The conclusions of the Chapter including limitations and issues are presented
in Section 4.4.
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Fig. 4.1. Flowgraph of measurement technique for the defect estimation and characterization

in composite structure by long-distance ultrasonic GWs.

4.2 Experimental investigation on the main spar of sample containing a disbond-
type defect

The same GFRP sample described in Section 2.2 which is a segment of a WTB
that was used in this analysis. The artificially constructed 81 mm disbond-type defect
using the milling process was investigated. The defect was located on the main spar
of GFRP sample. The thickness of the sample was not fixed in the defect-free and
defective regions.

The thickness range was 20-23 mm in the defect-free and 3—4 mm in the defect-
free region. The front and inner views of the sample are shown in Fig. 4.2a, b. In order
to transmit guided Lamb waves, the P1-type MFC transducer (103) analyzed in
Chapter 3 was used. As the P1-type MFC transducer contained dominant So and Ao
wave modes in the direction of longitudinal axis and out-of-plane (50), the variations
in the propagating waves can provide information about defects. The MFC transducer
was glued on the inner side of the sample where the defect was visible. The contact-
type piezoceramic transducer as described in Chapter 2.2 is used in the experimental
investigation. The visualization of the defect was not possible during the experiment
as scanning was performed on the front side whereas the defect could be visible only
from the inner side of the sample.

It should be noted that the contact-type receiver was more sensitive to Ao waves,
our analysis to extract the defect features would be on the basis of characteristics of
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Ao wave in the defect-free and defective regions. The receiver was initially located at
291.5 mm from the transmitter before beginning the scanning process. The complete
arrangement showing the locations of the defect, the glued MFC transducer and
receiver on the GFRP sample is shown in Fig. 4.2c.

MFC
transmitter
on inner

side

Front
View

Contact-type
receiver

D81
defect on
inner side

Scanned away
up to 180 mm

D81 defect

GFRP sample
(a) (b)

Contact-type

receiver

P1-Type MFC

Scanning

Scanning
start-point

(c)

Fig. 4.2. Front view (a) and inner view (b) of the GFRP sample showing an 81 mm defect, P1-
MFC transmitter and contact-type receiver; the complete arrangement of transducers and their
position on the sample (c) (51)
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A 43 kHz, 3-period sinusoidal burst signal was used to excite the glued MFC
transducer and the contact-type receiver attached to a mechanical unit was scanned
away. The selection of 43 kHz as an excitation frequency for the P1-type MFC
transducer was based on resonance. In Chapter 3, it was observed that the resonant
frequency of P1-type MFC transducer is closer to 43 kHz. The LF ultrasonic system
developed by the Ultrasound Research Institute of Kaunas University of Technology
was used in the experiment. The parametric specifications of LF ultrasonic system
have already been presented in Table 2.3 (see Section 2.2 for details). In order to
maintain an appropriate acoustic coupling, glycerol was used. The scanning distance
and step was 180 mm and 0.2 mm, respectively. Total 901 signals were recorded at a
sampling frequency of 100 MHz to be processed by the data acquisition system. In
order to increase the signal-to-noise ration and compensating the noise and
interference due to electrical/electronic circuity, the received signal was averaged
eight times. The experimental schematic and recorded data in terms of a B-scan image
are shown in Fig. 4.3a and Fig. 4.3b, respectively.
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Fig. 4.3. A schematic of experimental analysis of GFRP sample using LF ultrasonic system (a)

The parameters such as velocity, time-of-arrival or amplitudes of GW signals
may vary in the defective region as compared to the defect-free region due to the
change in thickness. It should be noted that the distance between a transmitter and
receiver is continuously changing in comparison to a fixed distance of 50 mm between
transmitter and receiver during the experimental investigation on the trailing edge as
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presented in Section 2.2. The scattering, attenuation and considerable alteration of
GWs can be clearly detected as the wave propagates from the defect-free region into
the defective region. However, the location and size of the 81 mm defect cannot be
estimated from the B-scan image (Fig. 4.3b) without an appropriate signal processing
approach.

4.3 Signal processing

4.3.1 Wavelet denoising and defect-estimations

The B-scan signal (Fig. 4.3b) is denoised by DWT. The Daubechies mother
wavelet db8 is used to decompose signals into 8 levels. Order 8 of Daubechies wavelet
is selected on the basis of correlation as described in Section 2.3.1. The soft-threshold
is used to discard the coefficients with a universal threshold. The denoised B-scan
image in the time range of 0-200 ps and in the spatial range 0—180 mm is shown in
Fig. 4.4a. The defective region in the denoised B-scan (Fig. 4.4a) is more clearly
visible as compared to the experimental B-scan (Fig. 4.3b). Recent research works on
GW testing of composites by using contact-type transducers demonstrate how the out-
of-plane (Aowaves) GW could scatter, reflect and disperse; moreover, their amplitude
could reduce significantly in the region of defects (32, 55, 175, 201). Therefore,
amplitude detection can be very effective.

It should be noted that the average value of a defect-free signal was subtracted
from all A-scans in Section 2.3.1 (see eq. 2.1). However, in this case, the distance
between the transmitter and receiver is continuously changing (transmitter is fixed
and receiver is scanned away) as compared to the measurement technique based on
short-distance GWs. Therefore, the amplitude detection technique is applied without
subtracting the average value of the defect-free signal from all denoised A-scans.

By using the Eq. 2.2 and Eq. 2.3, the normalized peak-to-peak amplitudes of all
signals (A-scans) of a denoised B-scan signal (Fig. 4.4a) along the scanned distance
is plotted and presented in Fig. 4.4b. The threshold of 0.707 (-3 dB) for the
identification of size and location of 81 mm defect was applied in Fig. 4.4b. If xa and
X2 are the -3 dB points on the amplitude characteristics as shown in Fig. 4.4b, the
location (distance from the first scanned point) and size of 81 mm defect can be
estimated as follows:

Locationof 81 mmdefect = x, 4.2)
Sizeof 81 mmdefect = x, — x4 @.2)

The estimated value of location and size of the 81 mm defect was 74.55 mm and
89.5 mm, respectively, with the corresponding absolute error in the measurement of
0.95 and 8.5 mm, respectively, (55). Irrespective of such errors in measurement, this
technique proposes an economical pitch-catch technique with a single MFC and a
contact-type transducer for ultrasonic NDT of large structures. Moreover, errors can
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be reduced by developing a contact-type transducer with a center frequency closer to
the MFC transducer, by developing a more effective signal processing approach, etc.
which could be the motivation for further research.
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(b)
Fig. 4.4. Denoised B-scan after DWT (a) and amplitude detection process (b) (51)
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4.3.2 Estimation of GW characteristics by using two-dimensional Fourier
transform, variational mode decomposition and Hilbert transform

In some cases, it is not possible to calculate the phase velocities of the dominant
wave mode (Ao mode in this case) by calculating the dispersion curves using 2D-FFT.
In order to improve the accuracy, back-reflected radiations and scattered signals from
the opposite sides of sample the can be suppressed by using 2D-FFT. Hence, the 2D-
FFT was applied to the experimental B-scan signal. In the next step, the signals that
may be reflected from the edge of the other side of the object were filtered out. The
inverse Fast-Fourier transform (2D-1FFT) was applied to reconstruct the B-scan only
from direct waves. The process is described in detail in the previous work (202, 203).
After filtering out the reflected waves the modified B-scan is shown in Fig. 4.5.

180 0.2
B-scan after filtering
160 . 0.15
out reflected signals
€ 140 ,
E_ 0.1
()
% 120 J0.05
£ 100
L i
- 80
)
= 10.05
S 60
Q
D 40 0.1
20 0.15
% 0 400 600 800 b

Time,us

Fig. 4.5. B-scan image containing only direct waves (51).

In order to proceed with the estimation of time-of-arrival and phase velocities,
two A-scan signals separated by a fixed distance in the defect-free and defective
regions were considered. In the defect-free region, two signals (S40 and S60) at a
scanned distance of 40 mm and 60 mm, respectively, were selected. Similarly, the two
signals in the 81 mm defective regions were selected at a distance of 1200 mmand 120
mm (S100 and S120). In both cases, there is a fixed spatial separation of 20 mm
between acquisition points of the two signals (Fig. 4.5).
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The next step is the application of mode decomposition for the reduction of
coherent noise and mode-mixing from each of the four A-scans. The VMD
decomposition technique (see Section 1.6.3.2 for details) was used to decompose all
four A-scan signals into their six corresponding IMFs as shown in Fig. 4.6a-d.
Initially, a uniformly distributed center frequency for each mode is assumed. A total
of 500 iterations with convergence tolerance of (1 x 107) were used in the process.
Fig. 4.6 clearly shows that most of the noisy and HF components are contained by
IMF3-6. Moreover, only IMF1-2 showed considerable correlation with the original
signals in terms of power spectral density. Hence, the new signals are regenerated by
adding the IMF1 and IMF2 in each of the four cases. The new reconstructed signals
are denoted as S40', S60', S100" and S120' (55).
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The instantaneous amplitudes of all four reconstructed signals (S40', S60', S100'
and S120") are calculated by using the Hilbert Transform as described in Chapter 1.6.
Afterward, normalized peak-to-peak amplitudes are calculated by using Eqg. 2.2 and
Eqg. 2.3. The next step is to compare the normalized amplitudes of the signal pairs in
the defect-free (S40' and S60") and defective (S100' and S120") regions with respect
to time.

The time-instantaneous amplitude characteristics are presented in Fig. 4.7a, b.
After applying a threshold of -3 dB, the time delays between two signals ta1 (in case
of S40"and S60") and ts2 (in case of S100" and S120") can be estimated as follows.

e If t1 and t2 are the -3 dB points on time-amplitude characteristics of the
defect-free signals (Fig. 4.7a), and ts and ts are the -3 dB points on time-
amplitude characteristics of the defective signals (Fig. 4.7b), the time delays
between two signals can be calculated as:

tdl = tZ - tl (43)
tg2 = ty—t3 (4.4)

Where td1 is the time-delay between two signals (S40', S60") in the defect-free
region and td2 is the time-delay between two signals (S100', S120") in the defective
region.

The estimated values of ta1 and ts: were obtained as 13.5 ps and 19.8 ps,
respectively. As there was a fixed distance of 20 mm between two signals in the
defect-free and defective regions, the phase velocity (approximated value) can be
calculated by dividing the distance by time. The calculated value of phase velocity of
GW in the defect-free region is 1482 m/s which decreases significantly in the
defective region with a phase velocity of 1010 m/s.

In order to verify the measured phase velocities, the theoretical calculation of
the phase velocities of the propagating GW modes was performed by the semi-
analytical finite element (SAFE) method (197, 198, 199, 200). The properties of
GFRP material are already presented in Table 2.2 (see Chapter 2.2.1 for details). The
thickness of different layers in the defect-free region is illustrated in Table of the
GFRP sample are similar to those presented in Table 3.3 (see Chapter 3.4.6 for
details).

The thickness of the sample in the defect-free region was considered as 22 mm
whereas 3.5 mm was selected for the defective region. These values are the
intermediate values of the real sample in the defect-free and defective regions. The
simulation results are presented in Fig. 4.8a, b. In the defect-free region, the phase
velocity of the dominant out-of-plane Ao mode was observed as 1253 m/s whereas,
the phase velocity in the defective region was calculated as 745 m/s (55).
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In comparison to the results obtained by the SAFE method, results obtained by
the signal processing methods are slightly different in absolute values but similar in
velocity decrease over the defective region as compared to the defect-free region. The
possible issues and limitations of the proposed signal processing approach and causes
of differences in obtained results by the proposed signal processing algorithm and
SAFE method are discussed in the Conclusions (Section 4.4) of this Chapter.
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Fig. 4.7. Instantaneous amplitude characteristcs of signal pairs (540' and S60") in
the defect-free region (a) and (S100'and S120") in the 81 mm defective region (b) (51).
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4.4 Conclusions

The detailed conclusions of the Chapter along with the limitations and issues
associated with the proposed techniques are:

1. A pitch-catch based economical measurement technique has been developed
to estimate defects in large composite structures using long-distance guided
waves. A P1-type MFC transducer is used as a transmitter and a contact-type
receiver is used for the experimental analysis of a GFRP sample. i.e. a
segment of WTB. After successfully detecting an 81 mm defect located on
the main spar of the segment, signal processing techniques are applied to
estimate defect features and instantaneous characteristics of the guided
waves.

2. The size and location of the defect are estimated by reducing the structural
noise using DWT. Afterward, the size and location of the defect are
calculated by applying the peak-to-peak amplitude detection technique with
a decision threshold of -3dB.

3. The application of 2D-FFT is proposed to filter out the reflections from the
opposite edge before calculating the instantaneous characteristics of the GW
signals using VMD and HT. The estimation of phase velocities and time-of-
arrivals is also proposed based on instantaneous characteristics. The 2D-FFT
was applied to filter out the reflections from the opposite edge. The measured
phase velocity of the propagating Ao waves is compared with the SAFE
method. There was a significant difference in the measured phase velocities
and the SAFE method. However, it should be noted that the thickness of the
sample was considered as fixed in the case of SAFE simulations. On the other
hand, the thickness of the real sample was not fixed in both defect-free and
defective regions. Moreover, the possible wave mechanism with the
interaction of GWs with defects such as mode conversions, scattering,
reflections was not considered in the SAFE method.

4. The reproducibility of the results depends on the variations of signal
amplitudes in the defect-free and defective regions. The accuracy also
depends on the selection of -3dB threshold or peak-to-peak values of
amplitudes. Moreover, the amplitude-based estimations are very sensitive to
noise and variations of the environmental conditions. Thus the ambient
temperature of 25°C was maintained during the experiments.

5. The proposed technique can be improved by using a different contact-type
transducer with a center frequency closer to the MFC transducer and
improving the signal processing techniques. However, the proposed
technique provides motivation to develop a cost-effective measurement
technique for inspecting large composite structures.
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5. OVERALL RELIABILITY IN DEFECT ESTIMATION

This Chapter deals with the amount of uncertainty presented in the experimental
investigation of defects in the process of calculating the size and location of defects
in the GFRP sample by using experimental analysis and adaptation of various signal
processing techniques. Therefore, the calculation of uncertainty in each measurement
technique (short and long distance GW testing) comprises of uncertainty in the
measurement and the uncertainty due to the application of signal processing
techniques.

The uncertainty in measurement depends on the measured value and several
factors influencing the measurement (204). The evaluation of uncertainty results from
an appropriate mathematical model and, in general, can be expressed as:

where x,, (n=1,2...) are the input quantiles which influence the output quantity
(y) and function f denotes the measurement process.

In the case of presented work to analyze the defect size and location, the
statistical approach (type-A) cannot be applied for the calculation of measurement
uncertainty because a single B-scan was acquired without repeating the measurement
at the same points. The measurement was based on the estimation of time-of-arrival
of A-scans at various points and their respective amplitudes. The time-of-arrival
depends on the phase velocity of propagating wave modes which further depend on
the thickness of the structure and excitation frequency. However, the amplitude of the
waves depends on the excitation frequency, thickness of the structure, etc. Moreover,
the decision level (-3 dB) is also one of the contributing factors in order to calculate
the size and location of a defect in the signal processing approach. With the
assumption that all possible parameters contribute independently, the sources of Type-
B standard uncertainty in our measurement based on GWs are listed as follows:

e The resolution of mechanical scanner used in the experiment (m): The
resolution of the mechanical scanner is 20pum and therefore the deviation is
+10um.

e The spatial resolution of contact-type transducers with a contact surface (c):
The resolution of contact-type transducers is £0.5 um and therefore the
uncertainty is £0.25 pm.

e The location of MFC transducer (S): In the Experimental Investigation No.2,
the MFC transducer was glued on the structure. Uncertainty in this case is
assumed as +1 mm.

o Excitation frequency (f): Excitation frequency of a transducer is selected in
such a way that the defect size must be greater than A/4 to A/2. The frequency
deviation is considered as +25 kHz.
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The thickness of acoustical contact (glycerol) (tc): This is approximately
varied between 0.4 mm to 0.5 mm. In this case, deviation is considered as
+0.05 mm.

The optimal distance between transmitter and receiver (d) (only for
experimental investigation No.1): The optimal distance between transducers
was selected as 50 mm which basically lies between 5\ to 10A. Deviation in
this case is considered as 2 mm.

The thickness of the sample in the defective region (td): The thickness of the
sample is not fixed in the defective region. In the case of defects located on
the trailing edge of the sample (experimental investigation No.l), the
thickness of the structure lies between 3 and 3.5 mm in the defective region.
On the other hand, the thickness of the structure lies between 3 to 4 mm in
the defective region of the main spar (experimental investigation No.2).
Hence, the approximate deviation (from the mean value) is considered as
+0.75 mm and +0.50 mm in the case of first and second experiments,
respectively.

Quantization error (q): The quantization error in case of 10-bit ADC with a
1V reference voltage is £488 V. The quantization error can be significantly
reduced by using averaging techniques (205, 206). After considering the
averaging of eight times, the quantization error reduces to 261 pV.
Discretization interval (n): The rate of discretization for the sampling
frequency 100 MHz is 10 ns and therefore deviation is £5 ns.

Electrical noise (N): Random electrical noise can be assumed as negligible
after averaging the signals.

Uncertainty due to operating temperature(T): The experiment was
performed at room temperature (25 °C + 2 °C).

Uncertainty due to -3 dB (0.707) threshold during signal processing (th):
The variance has been observed as +0.25 mm.

The description of measurement uncertainties for the calculation of size/location
of defects in the case of both measurement techniques is presented in Table 5.1 and
5.2, respectively. The weighting factors are selected depending on the priorities of
individual sources and their respective measurement units.

Table 5.1. Uncertainties in measurement by short distance GW testing

S.N. Source of Estimate Probability Variance Weightage
uncertainty distribution/divisor after factor, Wi
distribution
1 Resolution of +0.01 mm Normal / 2 +0.005 mm 100 (1/1)
scanner, m
2 | Resolution of contact- | +0.50 mm Normal / 2 +0.25 mm 1(1/1)
type transducers, ¢
3 Excitation frequency, +25 kHz Rectangular/ \3 +14.43 kHz 0.25
f (mm/kHz)
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4 Thickness of +0.05 mm Normal / 2 +0.03 mm 1(1/1)
acoustical contact, tc
5 The optimal distance 2 mm Normal / 2 +1 mm 1(1/1)
between transducers,
d
6 The thickness of the | +0.75 mm Rectangular/ V3 +0.43 mm 10 (1/1)
defective region, td
7 Quantization error, q 61 pv Rectangular/ \3 35 v 0.01(mm/
HV)
8 Discretization +0.005us Normal / 2 0.003 ps 10 (mmV/ ps)
interval, n
9 Temperature T +2°C Normal / 2 +1°C 0.1 (mm/ °C)
10 | Decision threshold of | +0.1 mm Normal / 2 +0.05 mm 10 (2/1)
-3dB (0.707)
Table 5.2. Uncertainties in measurement by using long-distance GW testing
S.N. Source of Estimate Probability Variance Weightage
uncertainty distribution/divisor after factor (Wi)
distribution
(ui)
1 Resolution of +0.001 Normal / 2 +0.005 mm 100 (1/1)
scanner, m mm
2 Resolution of 40.50 mm Normal / 2 10.25 mm 1(1/1)
contact-type
transducers, ¢
3 Location of MFC +1 mm Normal / 2 +0.5 mm 1(1/1)
transducer, s
4 Excitation +25 kHz Rectangular/ V3 +14.43 kHz 0.25 (mm
frequency, f /kHz)
5 Thickness of +0.05 mm Normal / 2 +0.03 mm 1(1/1)
acoustical contact,
tc
6 Thickness of the +0.5 mm Rectangular/ V3 +0.29 mm 10(1/1)
defective region, td
7 Quantization error, +61 pVv Rectangular/ \3 +35 uv 0.01 (mm/
q Hv)
8 Discretization +0.005 ps Normal / 2 +0.003 ps 10 (mm/ ps)
interval, n
9 Temperature T +2°C Normal / 2 +1°C 0.1 (mm/°C)
10 | Decision threshold +0.1mm Normal / 2 10.05 mm 10 (1/1)
of -3dB (0.707)
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Following the assumption that all individual uncertainties are independent from
each other and the influence of all other sources is negligible in the calculation of

combined standard uncertainty (U ), the combined standard uncertainty in the

measurement of defect size or location is given by the following equations.
The combined standard uncertainty can be expressed as (204):

10

(5.2)

where uiand Wi (i = 1, 2...10) are the respective variance and weighting factors of the
individual sources of uncertainties, as presented in Table 5.1 and Table 5.2.

Hence, the combined standard uncertainty in size/location of defects is
calculated as +5.76 mm and £5.82 mm in the case of first and second measurement
technique, respectively.

The expanded uncertainty in the entire process is given by (204, 207):

UExp :k'usE (5.3)

where k is the coverage factor which is equal to 2 for normal distribution with the
probability equal to 0.95.
The expanded uncertainty for the entire process (experimental and signal processing)
is11.52 and 11.64 mm for the measurement techniques based on short-distance and
long-distance GWSs, respectively.

The overall metrological characteristics of the presented measurement
techniques can be summarized as follows (Table 5.3):

Table 5.3. Metrological characteristics of the presented techniques

S.N. Parameters Numerical
value

1 Minimum detectable defect size (1/4) 2 mm

2 Minimum measurable defect size (1) 8 mm

3 Resolution 0.5 mm

4 Maximum range of inspection (short- 1m
distance GW testing)

5 Maximum range of inspection (long- 3-5m
distance GW testing)

113



GENERAL CONCLUSIONS

1.

In this dissertation, two ultrasonic measurement techniques based on short-
distance and long-distance guided wave propagation are proposed for the
detection and estimation of disbond-type defects in small and large multi-
layered composite structures, respectively. A segment of wind turbine blade
constructed from GFRP material has been selected for the investigation which
contained disbond-type defects of 15 to 81 mm in diameters at different
locations. In comparison to the commercially used pulse-echo and phased-
array technique of inspection, the ultrasonic pitch-catch method is used in
both proposed measurement techniques which is more flexible in comparison
to the pulse-echo method and less complex and more cost-effective than
phased-array method. All defects were successfully detected by the developed
techniques. The signal processing methods based on discrete wavelet
transform are utilized to remove non-stationary structural noise. Afterward,
an amplitude detection technique with a -3 dB threshold is applied to locate
and size the defect. The size and location of defects with 15 and 25 mm
diameters investigated by short-distance GWs are measured with a
measurement uncertainty of £5.76 mm. On the other hand, the size and
location of defects with 81 mm diameter investigated by long-distance GWs
are measured with a measurement uncertainty of £5.82 mm.

The measurement technique based on short-distance guided waves was
performed by using a special configuration of two contact-type transducers as
a transmitter-receiver pair, fixed on a moving panel and operating in a pitch-
catch mode. The configuration is well suited for automatic NDT. There was
a fixed separation distance of 50 mm between the two transducers. By keeping
the fixed distance between the transducers, the dispersion, attenuation and
scattering due to variable distance can be reduced. On the other hand, the P1-
type MFC transducer as a transmitter and a contact-type piezoceramic
transducer as a receiver is used to develop a measurement technique based on
guided waves propagating to a long distance.

In order to estimate the instantaneous characteristics of GWs, we propose to
compare the power spectral densities of intrinsic mode functions with the
original signal after mode decomposition. In this way, the best intrinsic modes
can be selected to regenerate the signals before estimating the instantaneous
amplitude and frequency characteristics of guided waves by using the Hilbert
transform. We also propose to filter out the reflections from the opposite edge
by using 2D-FFT in the case of complex structures (more reflections and noise
in an ultrasonic B-scan), before applying mode decomposition techniques.
Since the MFC transducer is a small, thin and flexible transducer, we propose
to estimate its 3D displacement characteristics in order to confirm its accuracy
and feasibility for NDT of structures. The novel 2D analytical model for the
estimation of directivity patterns of contact-type transducers in the generation
of guided waves is also developed. This model can predict the directivity

114



pattern of a contact-type ultrasonic transducer or a configuration of
transducers in any medium, at any excitation frequency, at any distance with
known dispersive characteristics. The developed model can provide
information about the appropriate excitation frequency for a transmitter, the
dominant wave modes, placement of transducers, etc. Moreover, this model
reduces a significant amount of computation time spent on numerical
modelling and experimental analysis for directivity estimation.
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MOTIVATIONS FOR THE FUTURE SCOPE

The proposed methods can contribute to real-time applications in the field of
ultrasonic non-destructive testing. However, there is a scope for future research in

order to
methodo
[ ]

116

improve the practical adaptability of the developed techniques and
logies:
The three-dimensional displacement characteristics of an unloaded
transducer could provide information to discard the faulty transducers.
However, there is a scope to compare the displacement characteristics of an
unloaded transducer to the transducer embedded in metallic and composite
structures.
The results obtained by the developed 2D analytical model and the
experimental results showed a significant coincidence and similarities.
However, a considerable difference in the size of minor lobes of directivity
patterns was observed, which is related to the approximated value of the
amplitude correction factor used in the analytical model to decrease
complexity. In future research, the results can be further improved by
including a more accurate value of amplitude correction factor.
The measurement techniques based on the combination of contact and non-
contact ultrasonic methods can be developed to increase the accuracy of
defect estimation.
The results obtained by signal processing algorithms were based on the
amplitude variations with time and space. The signal processing algorithm
based on other parametric estimations rather than amplitudes can be
developed. Moreover, the estimation and characterization of defects depend
on the Ao mode waves with a dominant out-of-plane component, the
reception of which was performed by high sensitivity contact-type receiver.
In future work, the algorithm can be improved and validated for the Sowaves.
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