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Non Destructive Evaluation (NDE) is a fundamental step in several phases of the lifespan
of structures. It aims at assessing the structure’s state of health to guarantee its proper functioning.
An added requirement of any NDE technique is to avoid any damage to the structure during the
actual test.

NDE of aircraft structures, in particular, is a crucial process to guarantee passenger safety
and ensure effective maintenance. Current visual inspection and lifespan estimation of aircraft are

not able to properly assess the health status of structures, especially when damage is present in the
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interior and is thus not visible. Composite aircrafts, in particular, are subjected to a wide variety
of damages that can develop in areas that are not directly accessible from the outside.

The main application of this research comes from the need for an NDE tool that can help
establishing the requirement for further inspections following a Ground-Service Equipment (GSE)
impact or similar event on a composite aircraft. A successful technique for this application must
be able to easily and rapidly inspect the structure, accessing it only from the outside, and detect
defects in a statistically reliable manner.

This dissertation studies the physics of propagation of elastic and thermal waves and their
interaction with material properties and discontinuities, combined to advanced signal processing,
for the purpose of damage detection and structural integrity assessment, with particular attention

to stiffened composite panels typical of modern commercial aircraft construction.
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Chapter 1

Introduction

1.1 Motivation

Non Destructive Evaluation (NDE) is a fundamental step in several phases of the lifespan of
structures, that aims at assessing the structure’s health status and ensuring its quality. NDE includes a
variety of techniques, of different physical nature and levels of complexity of operation and interpretation
of the results, that all share the characteristic of not affecting the structure’s function. It is often employed
for damage detection and localization, but can extend to more quantitative outcomes, including property
characterization and residual strength estimation.

NDE of aircraft structures, in particular, is a crucial process to ensure passenger safety, industry
cost savings and technological advancements. Current visual inspection and lifespan estimation of aircraft
are not able to properly assess the health status of aircraft, especially when hidden damage is present in the
interior and can compromise the integrity of the overall assembly.

The vast majority of modern military and commercial aircrafts (e.g. B787, A380) is made of fiber-
reinforced composite materials, owing to their high strength-to-weight and stiffness-to-weight ratios
(Ashby, 1993). The complexities of the manufacturing process, for both the composite material itself and

the assembly, as well as the severity of external loads, in flight and during land operations, can develop a



number of structural defects that need to be detected and quantified through NDE techniques.

Composite aircraft, in particular, are subjected to a wide variety of damage that are very difficult
to avoid and visually detect. The formation and propagation of damage in such materials is still open to
further investigations and is unknown, especially if compared to metal. The Federal Aviation
Administration (FAA), together with other agencies and companies, are very interested in understanding
the causes and consequences of damages in aerospace structures and are currently devolving huge efforts
in trying to develop protocols for such materials (FAA Advisory Circular, 2009; CMH-17, 2017). Damages
have been categorized in 5 levels according to their severity and load carrying capacity (llcewitz, 2013),
with 5 being the most severe. High Energy Wide Area Blunt Impacts (HEWABI), due for example to
Ground Service Equipment (GSE) maneuvers, are very common during aircraft operation and can cause
major damages to the structure that are often not visible from the outside (Kim et al., 2014). Such impacts
are characterized by forces of large magnitudes and long time scales (DeFrancisci, 2013) and can severely
affect the structural integrity of key components (e.g. damage to stiffeners and C-frames), most of which

are internal, and thus challenging to access from a one-sided (external-only) NDE inspection.

1.2 Approach

Ultrasonic guided waves are an ideal candidate for this kind of inspection of composite aircraft
(Staszewsky et al., 2004).

“Guided” elastic waves are widely used to probe structural components with waveguide geometries
(plates, rod, pipes, etc..) in both NDE and Structural Health Monitoring (SHM) applications. Lamb waves,
for example, are specific guided waves in traction-free isotropic plates. Guided waves can maximize the
inspection range by exploiting the long propagation distances, while maintaining a sufficient sensitivity to
small structural anomalies (e.g. defects) owing to the relatively large frequencies (~ 100’s kHz for typical
plate-like structures). However, the propagation of guided waves is complicated by their multimode

character (several wave modes propagating simultaneously) and dispersive character (propagation velocity



is a function of frequency). Additional complications exist in the case of anisotropic layered components
(e.g. laminated composites) and/or built-up structures (e.qg. stiffened panels) where the guided wave crosses
elements of varying thickness along its path.

Analytical solutions of guided wave propagation through multi-layered structures exist using well
known global matrix or transfer matrix methods (Rose, 2014). However, purely theoretical predictions
become quite challenging, or non-existent, in the presence of structural discontinuities such as defects.
Datta et al. (1988) used an approximated stiffness method to study guided dispersive propagation in
laminated anisotropic plates. Castaings et al. (2002) applied the modal decomposition method to analyze
scattering of an incident symmetric (axial) SO or anti-symmetric (flexural) AO Lamb mode by an internal
or an opening crack in isotropic plates, imposing velocity and stress continuity conditions at the crack
section. An improved analytical approach to predict Lamb waves scattering from a step geometrical
discontinuity considering a complex mode expansion with vector projection was recently proposed by
Giurgiutiu and co-workers (Podder and Giurgiutiu, 2016a, 2016b; Haider et al., 2018). These studies apply
to isotropic plates with thickness changes, presence of stiffeners, and horizontal cracks or disbonds. These
problems can be modelled by adjacent sub-regions with rectangular geometry (sub-plates).

Numerical methods can provide more flexibility to handle more complicated geometries and
defects. Guo and Cawley (1993), for example, applied the Finite Element (FE) method to investigate the
interaction of the SO Lamb mode with delaminations at different interfaces in a composite laminate.
However, in order to maximize computational efficiency and maintaining accuracy at small wavelengths,
it is often not optimum to carry out an FE analysis for the entire domain. When the structural details and
anomalies are only a localized region of the entire “waveguide” panel, a hybrid Global-Local approach is
more appropriate. Hybrid methods couple the solution available analytically in the “global” region with
that available numerically (BEM or FEM) in the “local” region with the structural discontinuity. The
general hybrid method to predict elastic wave scattering based on a FE discretization of the local region
was utilized for axisymmetric inclusions in homogeneous isotropic media (Goetschel et al., 1982), other

axially-symmetric scattering problems (Rattanawangcharoen et al., 1997), isotropic plates with notches and



rivet-hole cracks (Chang and Mal, 1999; Mal and Chang, 2000; Zhou and Ichchou, 2011), defects in lap-
shear joints of isotropic plates (Chang and Mal, 1995), and isotropic plates with a normal transversely
isotropic weld (Al-Nassar et al., 1991). The problem of reflections of a fixed cracked edge was addressed
by Karunasena et al. (1995), while the scattering from a semi-infinite plate employing the BEM method for
the local part was studied by Galan and Abascal (2002), who later extended their BE-FE technique to plates
with inclusions, different cracks and materials (Galan and Abascal, 2005).

Other works focused on guided wave scattering in composite plates. The use of a hybrid FE local
discretization coupled with a boundary integral representation of the global part was investigated by Datta
et al. (1992) for the case of a uniaxial composite plate. Boundary integral formulations were utilized to
study scattering from interface cracks in a layered half-space and layered fiber—reinforced composites
(Karim and Kundu, 1988; Karim et al., 1989; Karim et al., 1992). FE local-global techniques were applied
to scattering in layered composite laminates with delaminations (Tian et al., 2004) and free edges (Dong
and Goetschel, 1982).

The vast majority of these previous works utilized theoretical solutions (mostly normal mode
expansion) to model the guided wave propagation in the global portion of the isotropic or composite plate.
However, such theoretical guided wave solutions are increasingly difficult to obtain for an anisotropic
composite laminate with a general number of layers. For this reason some of the authors of the present work
have recently exploited the numerical efficiency of the Semi-Analytical Finite Element method (SAFE)
(Hayashi et al., 2003; Bartoli et al. 2006; Marzani et al., 2008) to deal with the global portion of the GL
scattering problem in composite plates of arbitrary number of layers with delamination defects (Srivastava
and Lanza di Scalea, 2010). A similar use of SAFE in Global-Local scattering problems for layered
composites was shown later by Ahmad et al. (2013). The SAFE method only requires the FE discretization
of the cross-section of the laminate composite, and utilizes basic theoretical harmonic wave solutions in the
wave propagation direction. SAFE easily deals with the particular composite lay-up by simply rotating the
stiffness matrix of each layer in the wave propagation direction. In a Global-Local framework, the SAFE

global solutions are matched to the FE local solutions through continuity of displacements and tractions at



the local-global boundaries, as customary of hybrid approaches. Efficient wave propagation prediction, of
a variety of incoming/refracted UGW modes and for several geometrical built-ups and/or defect cases, can
be of great aid to the pre- and post- phases of experimental tests.

A number of studies have dealt with experimental tests of guided wave probing of components with
waveguide geometries, such as aircraft fuselage and wing panels (Raghavan and Cesnik, 2007; Croxford et
al., 2007; Staszewski et al., 2004; Rose, 2014; Giurgiutiu, 2015). Applications of ultrasonic guided waves
to detect structural damage in composites are numerous (e.g. Karim and Kundu, 1988; Kundu and Desai,
1989; Datta et al., 1988 and 1992; Guo and Cawley, 1993; Tian et al., 2004; Kessler et al., 2002; Lowe et
al., 2004; Matt et al., 2005; Banerjee et al., 2007; Ihn and Chang, 2008; Salas and Cesnik, 2009; Srivastava
and Lanza di Scalea, 2010; Sohn et al., 2011; Hudson et al., 2015; He and Yuan, 2015; Murat et al., 2016;
Ricci et al., 2016; Poddar and Giurgiutiu, 2016a and 2016b; Capriotti et al., 2017; Chong et al., 2017).

Generally, ultrasonic guided-wave test methods aim at detecting possible damage by identifying an
“anomalous” behavior of the structure as the ultrasonic energy travels from one point A to another point B.
Therefore, damage detection becomes an issue of extracting the structural “transfer function” between A
and B (Hag). In a practical test implementation, this transfer function is generally a frequency band-passed
version of the broadband acoustic Green’s function because it only applies to the useful frequency range
afforded by the ultrasonic transducers used to excite and detect the wave motion.

The extraction of the transfer function of the structure (i.e. without the effect of the excitation and
detection wave transduction paths) is essential to compare testing results to numerical or theoretical models
aimed at characterizing the damage that is being detected. The vast majority of guided-wave tests are
implemented in a “Single-Input-Single-Output” (SISO) mode, where an ultrasonic transmitter is used in
conjunction with a signal ultrasonic receiver. The extraction of the structure’s transfer function in this case
requires a deconvolution of the excitation from the reception - as well known since the 70’s in equivalent
electrical engineering applications (Roth, 1971). However, the precise excitation spectrum into the
structure is difficult to determine because it results from a convolution of the excitation signal, the

transmitting transducer frequency response, and the transducer-to-structure coupling frequency response



(which is generally unknown).

In addition, guided-wave inspection of structural components often requires some kind of scanning
of either the test part or the ultrasonic transducers to spatially map potential damage. Scanning can be most
efficiently performed by non-contact means of wave transduction (e.g. laser-based, air-coupled, water-
based). In these cases, extracting the pure transfer function of the structure without biases from the
excitation and detection response spectra is even more challenging because of the possible transduction
variations through the scan.

In light of the above requirements, a more robust guided-wave inspection test compared to the SISO
approach is to utilize a “dual-output” approach where the transfer function is extracted between two
receiving points. This is the approach used, for example, in “passive” structural monitoring utilizing
random excitations (e.g. operational loads on the structure), where it becomes essential to eliminate the
effects of the acoustic excitation source because generally uncontrolled (Farrar and James, 1997; Lobkis
and Weaver, 2001; Michaels and Michaels, 2005; Salvermoser et al., 2015; Snieder and Safak, 2006; Sabra
etal., 2007 and 2008; Duroux et al., 2010; Tippmann et al., 2015; Tippmann and Lanza di Scalea, 2015 and
2016; Lanza di Scalea et al., 2018a and 2018b). The ‘“dual-output” approach has the best chance of
minimizing the effect of the energy transductions paths and isolating the true structural transfer function
that is the only metric affected by the presence of possible damage. It was recently shown in a couple of
different inspection scenarios (Snieder and Safak, 2006; Lanza di Scalea et al., 2018a and 2018b) how the
transfer function extraction in a dual-output approach is best conducted by performing a deconvolution
operation between the two receivers.

For remote inspection and 2D field imaging, NDE has relied also on InfraRed (IR) thermography.
A quite exhaustive review of the technique can be found in Shull (2002). IR Thermography allows for ease
and practicality in the experimental set-up and implementation, especially when large structures such as
aircrafts need to be inspected, and visualization of the results, providing a ready to use heat map of the
entire specimen, with no further need of interpretation. Especially when involving thin wide structures,

such as composite airplane fuselages or wings, IR thermography offers the possibility to inspect and image



subsurfaces, exploiting heat diffusion, detecting typical crucial damages as disbonds, delaminations and
cracks.

Theoretically, heat propagation has been studied for centuries. Cole and Beck et al., (2010)
thoroughly describe heat propagation in terms of Green’s Functions, relying on the fundamental theoretical
work by Morse & Feshback (1953) and Carslaw & Jaeger (1959). The interpretation of heat diffusion as
thermal waves has been investigated by numerous scientists (Marin, 2002; Marin et al., 2010, Ozisik and
Tzou, 1994). Mostly, Mandelis (Mandelis, 1995; Mandelis, 2013) and his co-workers (Nicolaideis et al.,
2000; Kaiplavil et al., 2012; Kaiplavil et al., 2014) think about the thermal field as the result of the
“propagation” of waves of fluctuating temperature, formulate the mathematical expression and apply it for
imaging in a variety of fields, according to specific signal processing techniques (Tabatabaei et al., 2009;
Tabatabaei et al., 2012).

While the passive GF retrieval by cross-correlation of diffuse fields has been fully demonstrated
(Lobkis and Weaver, 2001) and applied by numerous scientists in seismology, civil engineering (Snieder
and Safak, 2006), oceanography (Sabra et al., 2005) and SHM (Tippman et al., 2015; Lanza di Scalea et
al., 2018), as mentioned above, no experimental relevance has still been reported for thermal waves. Snieder
has extended the approach to other physics, including electromagnetics, optics and non-elastic fields, and
has generalized the formulation in terms of energy principles.

The exploitation of heat propagation and temperature evolution for inspection and imaging
translates into the IR thermography technique. Meola and Carlomagno in 2004 presented an exhaustive
review on the principles of IR thermogaphy and the recent advances in its main implementation techniques
(i.e. pulse thermography PT and lock in thermography). Servais et al. in 2008 used IR thermography for
the characterization of manufacturing and maintenance of aerospace composite discontinuities, relying on
on time and frequency methods. Ibarra-Castanedo et al. in 2007 and Lopez et al. in 2014 applied PT to
aerospace structures for a qualitative and quantitative assessment, exploiting and comparing three different
processing methods. In particular Flash Thermography processed according to the Thermal Signal

Reconstruction (TSR) method, proposed by Sheperd (2004), established an effective and more guantitative



approach of adopting IR thermography in NDE inspections. Shepard (2007) and his co-workers (Lhota,
2014; Frendberg, 2014; Oswald-Tranta, 2017), explain and discuss the method; many scientists and
applications adopted it, as in Roche et al., 2014. All of the above literature exploits temporal discontinuities
in the cooling evolution of temperature, after Lau et al in 1991 and Vavilov et al. in 1992 understood the
potential of the huge database offered by a video of 2D temperature maps, which constituted the recording
of the propagation of thermal waves.

Spatial discontinuities can also be exploited, in particular if spot or linear heat sources are applied:
Varis et al. (1995) discuss the evolution of heat in space in layered anisotropic carbon fiber composites,
Grinzato et al. (1998) apply it for NDE of frescoes, while Siakavellas et al. (2012) use line heating
thermography for the detection of cracks at fastener holes. The actual spatial deviation of thermal images

is proposed and used by Li et al. (2011) for crack imaging by laser-line and laser-spot thermography.

1.3 Outline of the dissertation

In this work, both elastic and thermal waves are discussed and investigated with the common
application to the NDE of composite structures used in modern commercial aircraft construction.

Chapter 2 describes elastic wave propagation.

In Section 2.1, the theory of ultrasonic guided waves introduces this propagation phenomenon and
NDE technique in aluminum and composite plates are reviewed.

In Section 2.2, a numerical approach (Global Local method) is presented. Predicting the scattering
behaviour of ultrasonic waves in the presence of specific structural defects is essential to (a) properly guide
the experimental implementation of an NDT/SHM test through proper selection of mode-frequency
combinations, and (b) provide quantitative, rather than qualitative information on a defect from knowledge
of the given defect’s scattering pattern. Such wave propagation predictions are very challenging in fuselage
and wing aircraft components that are anisotropic, multi-layered, and stiffened by built-up stringers.

Experiments using guided wave inspection of composite aerospace panels are presented in Section



2.3. This section describes a method that utilizes Ultrasonic Guided Waves (UGWSs), non-contact
transducers and statistical processing to achieve the above-mentioned goals. The need for rapid inspection
of the structure points to UGWs as suitable candidates. The focus is on the detection of impact damage in
the aircraft (FAA, Composite aircraft structures, 2009), and on the development of a field-applicable
method. To do so, hon-contact air-coupled ultrasonic transducers are employed in a scanning mode.
Section 2.4 discusses the “dual-output” approach of extracting the structural transfer function as
applied to a UGW test scenario, and implements this method in two scanning systems that are utilized for
damage detection in composite aircraft panels. This work is part of a larger research effort (Capriotti et al.,
2017) aimed at developing inspection systems for detecting impact-caused damage in parts representative
of commercial aircraft construction (e.g. B787 and A380). The work focuses on stiffened fuselage panels
consisting of a composite skin and co-cured composite stringers. Results are first shown for a composite
plate (skin-only) to compare the experimentally determined guided-wave transfer functions to that predicted
by a Semi-Analytical Finite Element (SAFE) method. The section then discusses the results of two scanning
systems utilizing the “dual-output” scheme, one based on a total air-coupled approach and the other one

based on a hybrid impact/air-coupled approach.

Chapter 3 describes thermal wave propagation.

In Section 3.1, the basic principles of IR thermography are explained.

This is followed by a theoretical investigation of heat diffusion in Section 3.2. The latter is
composed of a first introduction of heat propagation as thermal waves and its solution by the Green’s
function (GF) method. The formulation of temperature distribution in terms of GF solutions is exploited
for the theoretical derivation of thermal Green’s function retrieval, in a passive manner. Most of the
theoretical derivation for the thermal field in Section 3.2 relies on the analogies and differences between
the hyperbolic wave equation and parabolic heat diffusion equation and is derived from Snieder’s work on
the GF extraction for the diffusion equation (Snieder, 2006).

Section 3.3 presents numerical analyses of heat propagation in plates, for pristine and defective



cases. The simulations involve processing of temperature time histories for the retrieval of active thermal
Green’s functions, in time domain and spatial domain. In particular, the exploitation of the spatial domain
employs spot size and linear heat sources.

Lastly, the application of IR thermography to the NDE of composite aerospace structures and
damage detection is presented in Section 3.4. Flashed Thermography combined with the Thermographic
Signal Reconstruction (TSR) method, as proposed by Sheperd (2004), are employed on impacted composite
panels where different impact energies and types have generated damage on the flange and cap of the
stiffeners. The beneficial effect of the TSR processing on this experimental NDE approach is shown and
damage information can be inferred, besides detection only. The work relies also on the interpretation of
the defect as a virtual (or secondary) heat source, as observed by Manohar in his PhD thesis and related
works (Manohar et al., 2013).

Chapter 4 correlates UGWSs measurements for quantitative damage characterization, gathering the
findings from elastic and thermal waves techniques. Section 4.1 motivates the work and describes the
datasets. In Section 4.2 features are extracted from the UGW measurements to understand their sensitivity
to specific damage modes. In Section 4.3, such features are correlated to ultrasonic C-scan, X-ray computed
tomography scan and IR thermography to detect and characterize specific damage modes.

In the last chapter (Chapter 5), the overall conclusions and future recommendations are provided.

10



Chapter 2

Techniques of Elastic Wave Propagation

The propagation of ultrasonic waves in a not infinite medium (semi-infinite or bounded) generates
a specific type of waves, named ultrasonic guided waves. The boundaries of the medium, as those given by
a half-space or a finite geometry, interact with the travelling wave so that boundary conditions can be
satisfied.

When ultrasonic longitudinal and shear waves propagate into waveguides as rods, tubes, thin plates
or multi-layered structures, they reflect back and forth inside the waveguide at certain angles, due to the
high mismatch in acoustic impedance at the boundaries, leading to interference phenomena (Figure 1). For
the particular incident angle and frequency chosen, the interference phenomena could be constructive,

destructive or intermediate.
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Figure 1 - Guided waves formation in plate

The solutions of constructive interference that satisfy the wave propagation equation for those
boundary conditions lead to a set of propagating guided wave modes. Waves propagating on the surface of
a semi-infinite solid have to satisfy zero tractions at the boundary (Rayleigh waves). They decay with depth
and have an elliptical particle displacement. Lamb waves propagate in a free plate, satisfying the zero
tractions condition at the top and bottom surfaces of the plate. This work focuses on this particular type of
wave and their generation, propagation and interaction will be better illustrated in the next paragraphs.
Stoneley waves propagate at the interface between two media, where the continuity of tractions and

displacements is satisfied. When one of the two media is a liquid, Sholte waves propagate.

2.1 Theory of Ultrasonic Guided Waves

Combining theory of elasticity, specifically the constitutive equations and the compatibility
relations, to the equations of motion, we obtain the governing equation for particle displacement (Rose,

2004; Lowe, 1992). In the derivation, we will assume the materials to be elastic (no damping) so that the
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waves will be free propagating waves that travel with no input or loss of energy.
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Figure 2 - Wave propagation and particle displacement in bulk isotropic medium.

Referring to the reference system in

Figure 2, we write the three equations of motions corresponding to the three directions X, y, z in terms of

stresses, where uy, u,, u, are the displacements:

( 0%u, _ 00y 00y, 00y,
ot? ox dy 0z
< 0%u, _ 0oy, 00y, N doy,
Ptz = ax T oy | oz
0%u, _ 005 00,y 00,
Ptz = ax Ty T oz

2.1-1
Introducing the constitutive equations for stresses and strains:
Onx = Mexx + Eyy + &22) + 20y, 0y = AMexy + &y + &55) + 2uEyy,
Oz = A(sxx + &y + ezz) + 2ue,,
2.1-2
Oxy = HExy, Oyz = UEyz, Oxz = HExz
where the Lame elastic stiffness constants are 1 = il

(1+v)(1-2v) and p = 2amm = O
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and strain-displacements compatibility equations:

ou, du,, ou,
Ty Ty T
ou, OJu, ouy, Ouy ou, OJdu,
Ty T T o Tyt T Tox
2.1-3
we obtain the equations of motion in 3D (egs. 2.1-4) in terms of displacements, also known as the
governing wave equations:
( 0%u, 0 (Ou, Ouy, Ou, 5
P otz ~ (’H")a(ax Ty Yo )T
2u o (0u, OJu, OJu
p4 X y A 2
< = —_ —= - R
Poe (’H")ay(ax Tyt az>+“v Uy
0%u, d (Ou, Ou, Ju, 5
p 92 - (A+M)£<E+W+E> + uveu,
2.1-4

For an isotropic medium, we can consider the x direction of wave propagation only. Assuming a

harmonic solution of the type:

., 2TTX ., 2TTX
u= (ux, Uy, uz) = A4e'CT 99 4 BT T
2.1-5
where the wavefront is an infinite plane perpendicular to the direction of wave propagation, and rewriting

it for the wavenumber k = % as:

u = (uy,uy, u,) = Ae'k*=0D 4 pellkxton)

2.1-6
we can recognize waves travelling in the positive x direction in the first term and in the negative direction
in the second term. The particle motion is a combination of the displacements in the three directions. Using
this solution in eq. (2.1-4), we can solve for two modes: a dilatational wave motion, where the particles
move parallel to the direction of wave propagation, with a speed dependent on both extensional and shear

behavior (longitudinal waves):
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2.1-7
and a rotational motion, where the particles move perpendicular to the direction of wave propagation,
with a speed ¢y (shear waves):

W G
Ccr = T ;
2.1-8

To separate the fields in egs. (2.1-4), we can use Helmoltz method, where we define the longitudinal
wave potential L = V¢ and shear wave potential S = V x . The total displacement field is given by the

superposition of the two potentials and the solution to the separated eqgs. (2.1-9)

(10° _v
ch gz V@
2
l 6_1[) — 2.¢
cZ ot?
2.1-9
becomes:
. Nx
¢ = 4,6l = 4, eiltkx-0t)
., Nx
W= Aselw(ﬁ_t) = Ageltkx-wt)
2.1-10

where n is the wave propagation direction vector, A; and Ag are the complex amplitudes and ¢ = % is the

wave speed (Lowe, 1992).

Considering that the medium extends infinitely in the y direction, we can reduce the problem to a
2D infinite space (x-z), and simplify the derivation considering plane strain (% = 0) and in-plane motion

(u, = 0). The displacements u,. and u, can be found as:
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2.1-11
for longitudinal waves and
. Nyx Nyz
lw(——+4%-t
_v _Ju, =njAge Cor tep ™9
s=Vxy = oMok Naz_,
u, =n,A elw(CT or 9
z x41S
2.1-12

for shear waves.

Through the combination of these wave solutions to a set of boundary conditions for stress and
displacement, on the finite domain, as

u(xl y; ZJ t) = uO(x’ y' Z’ t)
ti = O'jinj

2.1-13

a relationship in terms of wave velocity versus frequency can be established (Rose, 2004). This so-called

dispersion relation governs the propagation of each guided wave mode in space and time and the

dependency of the wave phase velocity to frequency. The relationship between the incident angle and phase
velocity is expressed by the Snell’s Law, so that each waveguide has its unique set of dispersion curves.

Starting from the particular case of waves at the boundary between two semi-infinite half spaces,

for an incident longitudinal wave, the frequency of the incident shear wave and the two reflected

longitudinal and shear wave has to be the same. Together with Snell’s Law, where the wavenumber k,, in

the x wave propagation direction has to be the same at the interface, the waves have to travel with the same
- w
phase velocity ¢, = P
The latter expresses a fundamental dependence of the frequency from the wavenumber and it

establishes that wave velocity is a function of frequency, hence wave distorsion must occur (Rose, 2004).

Also, the real solutions of k represent right and left propagating waves. While the individual harmonics
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travel with different phase velocities c,, the superimposed packet travels with the group velocity c,. For

this group of waves to be maintained, the changes in phase for all the components should be the same,

leading to ¢, = Z—‘I‘: and due to the dependence of the phase velocity on frequency, we also have that ¢, =

dcy
dk’

¢tk
Many structures can be considered as waveguides themselves, naturally supporting the propagation
of guided waves, provided that the wavelengths are large enough compared to some key dimensions of the
waveguide. The energy of such waves is carried along the waveguide, with no leakage, as long as the
mismatch in acoustic impedance between the layers is significant.
For thin plates, the discussion seen about wave propagation at the interface of two media is extended to an
additional interface, where traction free conditions have to be satisfied at both interfaces constituting the
top and bottom of the plate. Moreover, the amplitudes of the displacements traveling out of such interfaces
have to equal zero, to satisfy conservation of energy (guided waves).

Relying again on the methods of potentials combined to a harmonic plane wave solution assumption of the

type of equations (2.1-10), which, for a plain strain case become:

¢ = ®(z)eikx—wD)

P = P(z)eilx—0t)
2.1-14
It is possible to notice how they represent a solution of waves travelling along x (longitudinal
direction of the plate) and having a fixed distribution along z (transverse direction of the plate) as standing

waves. The displacements and stresses in terms of potentials are:

09 3
e = U= o T oz
uy=v=0

ap Y
A P



_A(au 6W>+2 aw
922 = "\ox " 9z) T oz
2.1-15
Substituting equations (2.1-14) into the governing decoupled wave equations, we can solve as:
¢ = ®(2)el*=0D = [A, sin(pz) + Aycos(pz)]eik*—wD
P = P(2)e!k*—D = [B, sin(qz) + B,cos(qz)]e!*kx~»t)
2.1-16
w? w?
where p? = = — k? and q% = = — k2.
L, cr
We substitute these solutions into the displacements and stresses in equations (2.1-16) and
separate variables that are even or odd with respect to z=0 (Bartoli, 2007).
u, = [(Azik cos(pz) + B,1q cos(qz)) + (A ik sin(pz) — B,q sin(qz))]e!*x—«0
u, = [—(4,p sin(pz) + B,ik sin(qz)) + (A,p cos(pz) — B,ik cos(qz))]e!*-«t
2.1-17

In particular, thanks to the symmetry of the plate geometry, waves, whose displacement in the
propagation direction x is odd with respect to z=0, hence proportional to a sinusoidal function, constitute
the anti-symmetric modes (second terms of the above equations). Their in-plane particle displacement (u =
u,,) is asymmetric and their out-of-plane displacement (w = u,) is instead symmetric, as it will be shown
in Figure 8. For waves whose u,, is even with respect to z=0, hence proportional to a cosinusoidal function
(first terms in the above equations), the in-plane particle displacement u = u,, is symmetric and their out-
of-plane displacement (w = u,) is instead asymmetric, as shown in Figure 8. They constitute the symmetric
modes. The overall displacement generates a flexural behavior in the anti-symmetric mode and an

extensional one for the symmetric mode (see Figure 3).
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Figure 3 - Displacement in anti-symmetric and symmetric modes

The amplitudes of potentials, displacements and stresses can be found imposing the traction-free

boundary conditions:

I
H
N &

I
I+
>

Oy, =0, =0atz
2.1-18

where d is the thickness of the plate.
After some manipulations and substitutions into two homogenous equations, imposing the
determinant equal to zero to find a non-trivial solution to what is called the characteristic equation, we

obtain a transcendental equation for symmetric modes:

tan(qh) 4k?pq
tan(ph) — (q% —k?)?
2.1-19
and for antisymmetric modes:
tan(qh)  (q® —k?)?
tan(ph) 4k?pq
2.1-20

The solutions to the above equation can be found numerically for k, for a given w, hence we

obtain the wave velocity for every <frequency*thickness> product.
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2.2 Analytical and Semi-analytical investigation

For an isotropic Aluminum plate, whose properties are reported in Table 1, the solution of the
transcendental equations is shown in Figure 4: a root-finding algorithm searches for the wavenumber that
would verify the transcendental equation for given <frequency x thickness> values; the dispersion curves
are then computed in terms of phase and group velocities according to egs.(2.1-19) and (2.1-20) for both

symmetric (blue) and anti-symmetric (red) modes.

Table 1 - Aluminum plate: Material properties

Thickness | Density Ey Gyy v C. Cr
Property Name
(mm) (kg/m®) | (GPa) | (GPa) (m/s) | (m/s)
Property Value 2.688 2700 72.08 | 26.96 | 0.3368 | 6370 | 3160

Dispersion Curves Dispersion Curves
; T AR S T
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5 08§ %
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10000

8000
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* 6000

c

4000

2000~

fd (MHz*mm) fd (MHz*mm)

Figure 4 - Analytical Dispersion curves for Aluminum plate in Table 1: (left) phase velocity, (right) group
velocity; anti-symmetric modes in red, symmetric modes in blue.

It is possible to notice the dispersive behavior of the propagating modes, especially for the first
anti-symmetric mode at low frequencies: the velocity changes rapidly causing higher frequencies to travel
faster than the lower ones, until reaching an asymptotic behavior.

To estimate dispersion curves analytically for a multi-layered plate, equivalent properties have to
be used. Each ply’s local stiffness modulus, shear modulus and Poisson ratio can be reduced into global

properties (Fung Y.C., 1965; Jones, 1999), thanks to the transformation below, with respect to the wave
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propagation system of reference (see Figure 5).
CI=TICT,
2.2-1
Where C is the stiffness matrix in the lamina local (1-2) coordinates, C¥ is the stiffness matrix in the lamina
global (x-y-z) coordinates and T, is a transformation matrix with respect to 19, the angle of rotation of the

local system with respect to the global.

Figure 5 - Local-Global reference system for multi-layered anisotropic plate.

Following the classic laminate plate theory, the global properties at the lamina level are then
“weighted” and integrated over the thickness of the laminate to constitute the A, B, D matrices. Such
matrices (3x3 for plane stress assumption) establish the relationship between curvatures x and strains &,
and Forces and Moments, for the whole laminate (Jones, 1999). In particular, A;; establishes the relationship
between extensional/shear in-plane loads and deformations, B;; the coupling between out-of-plane and in-

plane loads/deformations and D;; the one for bending and twist, as follows:

((Nx) Ex
(n ()
ny - [Aij Bij yxy
M Ky

y
Mny bcxy}

2.2-2
From these relationships, the equivalent properties at the laminate level can then be extracted, so

that they describe the multi-layered laminate as a homogeneous isotropic plate of the same thickness. If the
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plate in study is a fiber reinforced polymer, wave propagation phenomena due to fiber/matrix and ply-to-
ply interaction, anisotropy given by the fibers’ orientation and 3D effects are neglected. Moreover, the
reduction of anisotropic laminates to homogeneous isotropic plates doesn’t account for skewness and allows
decoupling between the Lamb modes and the SHO mode, which is not true and can only be described by
other models (i.e. SAFE) and observed experimentally. As an example, the CFRP laminate with properties
described in Table 2 and Table 3 (old panel properties and layup) presents the dispersive behavior shown
in Figure 6, when reduced to an equivalent plate (Table 4). From the values corresponding to specific
elements in the ABD matrices, it is possible to predict coupling between stresses and strains in different

directions and planes:

14098 20.28 6.36
20.28 108.28 6.36 |.
6.36 6.36 2547

195.70 49.73 0
Ajj =(49.73 195.70 0
0 0 59.99

; By =1[0]; Dy =

For example, being the laminate in analysis quasi-isotropic, it shows the same in-plane stiffness,
so that wave propagation along x or y direction should exhibit the same characteristics. Also, matrix B is
empty, so mode conversion from an AO (dominated by out-of-plane displacement) into an SO (dominated
by in-plane displacement) should be reduced. Lastly, being the coefficients A;4 and A,¢ basically 0, very

little coupling should happen between SHO and SO, and viceversa.

Table 2 - Composite plate: Layup

Layup Thickness | Density
Material Name
) Ply (mm) | (kg/m°)
Cytec X840/z60 6k Weave Fabric 0 0.208 1600
Cytec X840/Z60 12k Tape [0/45/0/45/90/-45/0/45/90/-45]s 0.142 1600
Cytec X840/260 6k Weave Fabric 0 0.208 1600
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Table 3 - Composite plate: Material properties

E: E, Es G2 G2 Gi3 V12 V23

12k Tape

Vi3
Material Name
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)
Cytec X840/260 80 80 13.8 6.5 4.1 5.1 0.06 0.37 0.50
6k Weave Fabric
Cytec X840/260 | 168.2 | 10.3 10.3 7.0 3.7 7.0 0.27 0.54 0.27

Table 4 - Composite plate: Equivalent material properties

Thickness Ex Ey Gxy v CL Cr
Property Name
(mm) (GPa) | (GPa) | (GPa) (m/s) | (m/s)
Property Value 2.688 48.895 | 48.895 | 16.023 | 0.254 | 6079 | 3165

Dispersion Curves
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Figure 6 - Analytical Dispersion curves for Composite plate in Table 4Table 1: (left) phase velocity,

(right) group velocity; anti-symmetric modes in red, symmetric modes in blue.

Other methods can take into account the anisotropy of these materials. The analytical solution

presented above is a simplification and cannot fully capture the entire properties, especially in the transverse

plane xz. In fact, the classic laminate theory assumes the Euler Bernoulli theorem and plane stress (Jones,

1999), which is not correct for wave propagation in multi-layered anisotropic plates. In the case of multi-

layered plates, more advanced methods need to be employed to compute solutions (dispersion curves and
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wave amplitudes), as presented in Lowe, where the wave components in each layer have to satisfy coupling
at all interfaces. Two main methods have been used: the transfer matrix method, developed by Thompson
in 1950, which relates the stresses and displacements at the bottom with those at the top, and transfers them
to each layer, and the global matrix method, developed by Knopoff in 1964, that formulates a matrix for
the whole layup. The limiting case of three layers reduces the analysis to the wave propagation solution for
a thin plate.

UGWs have been described so far by exact solutions based on the superposition of partial bulk
waves method, which requires the solution to the differential equations of motions. For waveguides of a
generic cross-section or multi-layered structure, numerical methods are more suitable.
Following this approach, wave propagation into single or multi-layered anisotropic plates, as well as in
other prismatic waveguides, is also formulated and solved by an eigenvalue problem, but in this case, the
solution is approximate, depending on the degrees of freedom/number of modes included in the problem.

Semi Analytical methods follow this formulation.

Dispersion Curves

Dispersion Curves

. . . - " \ 14000 : : . . . .
7000 k!

—_ 12000 1
@ —

E 6000 1 &

£ £ 10000 [ .
> 5000 1 1
3 |
2 4000 - ]
=

@
2 L 1 4000 -
£ 2000
1000 R 2000 /

0 100 200 300 400 500 600 700 800 900 1000 0 02 04 06 08 1 12

se
w
8
3
5
Phase Velocity
=3
2
3
S

14 16 18 2

frequency (kHz) frequency*thickness (MHz*mm)

8000 8000

7000 7000
£ 6000 2 6000
25000 1 = 5000
g E
2 4000 | 2 4000
= >
2 3000 T 2 3000
Ey i
£ 2000t R 2 2000
Q Q

1000 1 1000

0 100 200 300 400 500 600 700 8O0 @00 1000 0 0z 04 06 08 1 12 14 16 18 2

frequency (kHz) frequency*thickness (MHz*mm)

Figure 7 - SAFE Dispersion curves for Aluminum plate: (top) phase velocity, (bottom) group velocity.
A detailed description of the Semi Analytical Finite Element (SAFE) method can be found in
Hayashi and Rose (2003) and Bartoli (Bartoli et al., 2005; Bartoli, 2007), for an unforced solution, and in

Marzani, for the forced one. We report in Section 2.4.3 the fundamental steps. The main idea behind this
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method is to discretize only the cross-section of the waveguide by the well-known Finite Element (FE)
method, to relate mass and stiffness properties to displacements and forces for node and elements in a
defined geometry. The eigenvalue problem can be then formulated to express harmonic wave propagation
in one direction, analytically, following the normal mode decomposition approach. The dispersion relation
is found as wavenumbers for a range of frequencies and as wavemodes along the thickness of the
waveguide. We report here the solution for an Aluminum plate of the same properties as above, in terms of

dispersion curves (Figure 7) and modeshapes (Figure 8), for elastic wave propagation.
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Figure 8 - In-plane (blue) and out-of-plane (red) displacements for modeshapes of A0 (left) and SO (right) at
170 kHz for Aluminum plate.

It is worth noting here the typical in-plane and out-of-plane displacement distribution along the
thickness of the plate, described above, for the first modes: Figure 8 shows the modeshapes at 170 kHz for
the first antisymmetric mode AO (left) and symmetric mode SO (right). The antisymmetric mode is
dominated by the out of plane displacement, that forces the particles to move in the same direction with
respect to the midplane, establishing a flexural behavior. The symmetric modeshapes instead is mainly
dominated by a symmetric in-plane displacement, generating a mode of the extensional type. The higher
the order of the mode, the more complex will be the distribution of the displacements along the thickness,

besides the frequency also affecting them. The modeshapes influence the interaction of the propagating
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wave with the geometrical features of the plate (or waveguide in general), hence their particle motion can
be used to aim at specific interactions (i.e. surfaces or internal) and their excitation and reception has to be
maximized accounting for their distribution. These observations will be used along this work to design and
interpret experiments.

SAFE can accommodate anisotropic and multilayered plates and offers the advantage of easily

accessing the laminae stiffness properties to study guided wave propagation for a variety of cases.

Dispersion Gurve: New Panel, 16 layers, x=0°
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Figure 9 - SAFE Dispersion curves for Composite plate in Table 2: (top) phase velocity, (bottom) group
velocity; (left) single laminate thickness, (right) double laminate thickness.

Parametric studies and/or inversion with respect to the experimental data can be performed to solve
for laminate thickness, ply orientation and elastic constants, together with different wave propagation
directions and frequency ranges. The left plot in Figure 9 shows the dispersion curves obtained with SAFE
for the composite laminate in Table 2, along with its modeshapes in Figure 10, where we can observe the

distribution of the displacements along the thickness of the laminate.
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Figure 10 - In-plane (blue) and out-of-plane (red) displacements for modeshapes of A0 (left) and SO (right) at
170 kHz for Composite plate.

The thickness of the plate affects the dispersion behavior, as it can be appreciated in Figure 9: the
right plots belong to the same laminate in the left, in terms of material properties and orientation of the
plies, but the specimen is now composed of two laminates, so that the thickness is twice the one in the left
plots. The modes “shift” to the left, appearing at lower frequencies. The shift of the cut-off frequencies of
modes can be used to infer plate thickness or the presence of defects/disbonds.

To be noted is also the presence of an additional mode type, the shear horizontal mode SHO: we are showing
it in here for completeness, since it is not correct to decouple the in-plane displacements (x and y directions)
due to the ply orientation and anisotropic behavior of the CFRP. Also, the skewness effect is neglected here
and in the experimental tests presented in the next sections, thanks to the quasi-isotropic layup of the
composite laminate in consideration and the observation of wave propagation in the direction corresponding
to one of the principle directions of material symmetry.

The modeshapes are shown in Figure 10 and maintain the same antisymmetric/symmetric properties of
those shown for an isotropic material (Aluminum). The discontinuity in the elastic properties along the
thickness, due to the different ply orientation, though, can be appreciated in the deviation of both in-plane

and out-of-plane displacements from low order polynomial trends.
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An interesting study can be done when altering the stiffness properties at different plies and at different
locations along the thickness of the laminate. For example, Figure 11 and Figure 12 show the results for the
same CFRP laminate, when the stiffness matrix C is reduced to 5% at the first three top plies.

The reduction in the superficial stiffness manifests itself in the modeshape, where a discontinuity along the
displacement distribution appears for both in plane and out of plane displacements, when the structure is

excited by either the antisymmetric (left) or symmetric (right) mode.
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Figure 11 - SAFE Dispersion curves for Composite plate (group velocity): comparison pristine
(black) and altered top surface layers (red).
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Figure 12 - In-plane (blue and black) and out-of-plane (red) displacements for modeshapes of A0 (left)
and SO (right) modes for Composite plates: comparison pristine (solid) and altered surface layers
(dashed).

The case of a 95% reduction in stiffness at the central plies is instead studied in Figure 13:

Dispersion Curve: New Panel, 33 layers, x=90°
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Figure 13 - SAFE Dispersion curves for Composite plate (group velocity): comparison pristine
(black) and altered middle layers (red).
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Figure 14 - In-plane (blue and black) and Out-of-plane (red) displacements for modeshapes A0 (left) and SHO
(right) modes for Composite plates: comparison pristine (solid) and altered middle layers (dashed).

The sensitivity of the wave propagation behavior to the lamina’s elastic properties can be
particularly observed in the modeshapes (Figure 14), where a strong discontinuity in the displacements
can be again noticed in correspondence of the plies with reduced stiffness. The SHO mode in particular
excites this kind of defect, due to its shear in-plane nature, that couples very well with this “disbond-like”
case study.

These observations show the importance of wave propagation understanding and prediction and the
potential of Ultrasonic Guided Waves (UGWS) to inspect structures, infer structural changes and

guantitatively inform, beyond qualitative visual inspection.

2.3 Global-Local model to predict scattering of guided elastic
waves

2.3.1 Problem formulation
The present paper builds on the work by Srivastava and Lanza di Scalea (2010) to unify the global

(SAFE) -local (FE) formulation and implement it in a computationally efficient code able to solve extremely
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complex scattering problems such as layered composite laminates with built-up geometries. The method is
applied to studying guided wave scattering in a composite skin-to-stringer assembly that is widely used in
modern aircraft construction. The Global-Local method formulated here allows to efficiently predict
reflection and transmission spectra of the relevant guided wave modes that can be utilized for an optimized
NDE or SHM test of the structure. Despite the criticality of skin-to-stinger assemblies in aircraft and the
consequent high need for inspections (Capriotti et al., 2017), the authors are not aware of any previous
guantitative study aimed at predicting wave scattering from defects in these components. The reason is the
material and geometrical complexity of this assembly, that instead presents a great opportunity for the
proposed Global-Local formulation.

Let us consider the general scattering case shown in Figure 15. An incident time harmonic guided
wave travelling along the x positive direction in a prismatic region (global region) is scattered into reflected
and transmitted waves after interacting with a (local) region with geometrical discontinuities (e.g. build-
ups) and/or structural defects (e.g. cracks, delaminations, etc..).
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Figure 15 - Geometrical representation of the scattering of an incident wave in a waveguide prismatic
structure in reflected and transmitted waves from a local region with geometrical and/or material
discontinuities.

The equilibrium of each part of the problem is guaranteed by the Principle of Virtual Work (PVW).
The general weak form for the harmonic elasto-dynamic case, written considering virtual displacements

and strains, is (in Voigt’s notation):
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where u:[uX u, uZ:|T,t=|:tx t, tZ]T,az[ax &, & Yy Tk yxy]T,and

T . . . .
Gz[gx o, o, t, T z'xy:| are displacement, traction, strain and stress vectors respectively.

y z yz xz
All these variables are space and time dependent. In Eq. (1) the bar above a letter stands for complex
conjugate, while U is the acceleration, p the density, Q the volume of the medium and T't the medium’s
loaded external surface. In this work, body forces and damping effects are neglected.
In order to model both reflections and transmissions, the entire domain Q is subdivided into one
“local” region in the center and two “global” regions on either side. Figure 15 shows a plain strain case
(that is assumed in the application problem studied in this paper), where the cross-sectional SAFE
discretization of the global waveguide reduces to a 1D mesh along z, and a full FE mesh is instead used in
2D domain (x-z plane) for the local region. The extension of the concept to a general 3D case is trivial (2D
SAFE discretization in the global region and 3D FE discretization in the local region). The GL formulation
as written here applies to a general 3D case.

Let us imagine separating the local region from the global region at their left and right boundaries of
Figure 15. Since equilibrium must continue to hold, internal tractions arise at each boundary due to the
internal stress caused by the application of external actions. Using the PVW for each region, the traction
vector t in Eq. (1) consists of the internal tractions at the boundaries, which behave as new external forces.

The vector t could be evaluated as t = o n , with n the unit vector normal to the I'; surface and  the stress

second-order tensor. Alternatively, using Voigt notation:

t=L"c (2)

where
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n 0 O
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with ny, ny, n, the direction cosines of the normal n. In what follows, a superscript /> or ¢ g ’ is adopted to

identify quantities referring to the “local” region or the “global” region, respectively.

The local region is discretized by 2D or 3D finite elements. Accordingly, the approximate

displacement /- at a point inside the local e-th element is obtained from the nodal values d"* through

the shape functions N‘ using known FE concepts:

Uﬁ_e(X, y,Z,t)=Nt(X, yiz)dlj—e e—iwt (4)

where w is the circular frequency.

The corresponding approximate strains and stresses are

g, *=Lu,° (5)

6;‘76 — C/’—e sﬁ—e (6)

where L and C* are the compatibility and constitutive matrices respectively, with C*® a real matrix for
purely elastic cases, and a complex matrix for viscoelastic cases.
Including all the approximate variables in Eqg. (1) and defining the vector U" for the entire nodal local

displacements, the dynamic undamped equilibrium equations for the local region are obtained as:
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(K”—a)z My)Uk:F”, (7)

with K, M" and F' the classic FE stiffness matrix, mass matrix and force vector.

To interpolate the displacements of the global region, the same procedure is followed, but in a simplified
manner. The SAFE method adopts a harmonic exponential term, e!¢*=®%) to describe analytically the
wave behaviour in the wave propagation direction, x, where & represents the wave number. By combining
the analytical solution along the wave propagation with an FE cross-sectional (y-z) discretization, the

approximate displacement yg-¢ within a single SAFE element of the global region can be written as:

u(x,y,z,t)=N9(y,z) d e (8)

with d°° the nodal displacements and N° the shape functions of the global cross-sectional mesh.
Following the same steps discussed in Bartoli et al. (2006) or in Rose (2014), the expression of the

approximate strain vector in SAFE is derived as:

& =(B, +i£B,)d e )
where

B,=L,N’+L,N% and B,=LN° (10)

are two compatibility matrices.

In Eq. (10) L, L, and L, are particularized expressions of L given in Eq. (3) for a unit normal vector

aligned to the x, y or z axis respectively, while N?y and N?Z are the derivatives of the global shape function
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matrix with respect to the y or z coordinates. Approximate strains are then transformed into approximate

stresses by applying the constitutive laws

Gg—e = C9® Sa—e (11)

with C°° the element constitutive matrix for the global region.

It is worth noting that in Egs. (6) and (11) the constitutive matrices must refer to the (O, x, y, 2)
reference system. Therefore, for anisotropic materials, any local stiffness matrix € (e.g. lamina in the
principal directions of material symmetry) needs to be transformed to the general (O, X, Y, z) system C

according to

C=R'CR (12)

with R the transformation matrix.

For the particular case of a laminated composite whose lamina is oriented at an angle 3 with respect to the

x direction, the transformation matrix is:

m> n* 00 O mn
n m> 0 0 0 -mn
R 0 0 1 0 O 0 3
0 0 0 m —-n 0
0 0 0 n m 0
-2mn 2mn 0 0 0 m’-n?]

with m=co0s% and n=sin 9.

With Egs. (8)-(11) and (2) at hand, the P\VW applied to the semi-infinite global region gives:
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(Kg—a)ZMg)Ug =F¢ (14)

where U? is the vector collecting the displacements of all the nodes of the global region mesh. Furthermore:

Ke=A [ (B,=i£B,) C**(B,+i£B,)dQ (15)
Q9
Mg:% (N°) p° e dQ2 (16)
Qe
Nel T B
F9— eA:lI(Ng) L C*®(B, +i&B, )dT |U° (17)
rg*

are the stiffness matrix, mass matrix and force vector, respectively.

ne
In Egs. (15)-(17) A'1 symbolizes the assembly operator, with n  the total number of elements.
e=

Referring again to the scattering case of Figure 15, it can be assumed that the nodal displacements

q,, recorded at the left boundary is a combination of the incident wave and the reflected waves. The nodal

displacements q  at the right boundary, instead, are those of the transmitted waves. Hence:

ql B qincident + qreﬂected '

(18)

q rB qtransmitted .

In the subject case of multimode guided waves, the incident, reflected and transmitted waves can be thought
of as the superimposition of a finite number Nm of global cross-sectional mode shapes, each amplified by

a participation coefficient having the physical meaning of the amplitude of the single wave mode.
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The incident mode can be modelled by imposed displacements or forces at the source. In the present
paper, a pure incident mode is generated by imposing the unique cross-sectional displacement shapes at the

relevant frequencies for the chosen mode. The evaluation of the unique mode shapes is performed by
solving an eigenproblem, that is shown in the next section. If the symbol @ is used to represent the generic

mode shape, and the factor e™“" is omitted for simplicity, Egs. (18) are explicitly rewritten as:

p = ;€50 ZA o0 ¢l (19)

ZA+ (I)(J) gl fB) (20)

(T3 1]

where the superscript “+” represents a wave travelling in the right and the superscript “-” a wave travelling

in the left direction. Therefore: @: and = are mode shape and wavenumber of the incident wave (assumed
at unity amplitude); Aj', ®Y and é‘j_ are amplitude, mode shape and wavenumber of the j-th reflected
mode; and Aj*, @ and §j+ amplitude, mode shape and wavenumber of the j-th transmitted mode. d_,

x,, and x = measure the distances of the source, left boundary and right boundary, respectively, from the

origin of the reference system that is set at the center of the local region (see Figure 15).

Egs. (19) and (20) can be rewritten in a compact form:

P ET 1)
q,, =G'D* (22)

where
Giz[q,mf ¥ ... @i ... (I)(NMY} (23)
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Dt = I:Dlr Dzi ... DJi .. DEM :'T , (24)
with
Dj = Ay e (25)

D =A ei(féfx'a). (26)

Egs. (21) and (22) are entirely composed of known terms, except for the Aji amplitudes. These equations
also guarantee the continuity of displacements between the global and the local regions. The evaluation of
Aji is therefore performed in order to also guarantee the continuity of tractions at the left and the right
boundaries.

Let us recall the equilibrium Eq. (7) for the local region. A partition of Eq. (7) can be performed in order to

separate the contribution of the inner (1) and boundary (B) degrees of freedom, obtaining:

2Ly
SBI SBB lJ/B FI;

S=K’'—w?*M’, (28)

where

Ura = [qlTB q:B :IT ' (29)

F = [(f,’B ) () T . (30)

In Eq. (30) f,”B and fr/’B are the force vectors at the left and right boundaries. They are obtained as the

opposites of the consistent nodal force vectors at the same boundaries but considered as belonging to the

global regions.
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From Eq. (17), for a unit normal vector n identifying the positive or negative directions of the x axis (

n= [il O]T ), the consistent nodal force vectors for the two global regions are equal to:

FS =F/ ei[‘i;(dS’x'B)] +F D (31)
FL=F'D (32)
where
Fe=[Fo" FO o RO R (33)
and
+ M T —€ et +
Fo=| A [ (N?) LiCo*(B,+i&; B, )dT |@;,, (34)
r?:
with
E0 _x A1 (Ng)T L, C¥* (B, +i& B,)dr |@ (35)
1"?;

From Egs. (31) and (32) f,; and f'; are obtained as:
flﬁs = _FIgB’ frVB = _Frg B (36)

A static condensation procedure applied to Eq. (27) leads to the following final equations:

l3 MG IRl e e
0 G 0 F|)|D" 0 0
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where g*

BB :SBB

—S, S,'S,, Isthe condensed matrix of S.
Eq. (37) is solved to find D™ and D". Since the coefficient matrix is not square, the least squares method
should be applied. Once theD™ and D* coefficients are known, the unknown Aj’ and AJ-+ reflected and

transmitted amplitudes can be finally determined.
As seen in the previous section, the GL method exploits the knowledge of at least Ny mode shapes
of the guided waves. These are derived as the (unforced) solutions of the equilibrium Egs. (14) for the

global region, which can be particularized as
[K +iEK,+&K,—o’M? ] @ =0 (38)

with M the number of total degrees of freedom for the global region mesh.
The stiffness matrices K, (J :1,2,3) are derived from Eq. (15) and explicitly given by Bartoli et al.

(2006). Eq. (38) constitutes a generalized eigenproblem in [ and [1. It is a common practice to reduce Eq.

(38) to a linear eigenproblem in (] by doubling the size of the problem:

[A_‘fB]zm Q=0 (39)

L
where Q = LZ q)} . Aand B are known matrices for fixed values of the circular frequency | . Their explicit

expression is:

2 g a2 g
A 0 K, -a) M | B K,—o°M 0 . (40)
K,— &’ M? 1K, 0 -K,
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The solution of Eq. (39) is given in terms of eigenvalues ¢ and eigenvectors Q. While the eigenvectors are

complex, the eigenvalues can be pairs of real numbers (+¢, ) representing propagating waves in the + x
directions, pairs of complex conjugate numbers (+£_._ +i &, ) representing evanescent waves decaying in
the + x directions, or pairs of purely imaginary numbers (+i &) representing non oscillating evanescent
waves in the * x directions (Hayashi et al. 2003).

The corresponding mode shape @ can be extracted as the upper part of vector Q, while the associated

attenuation, phase (Cp ) and group (cg ) velocities can be obtained as

att = &,, (41)
Cp = a)/gRe (42)

o 0o _ @ (iK,+2EK,)P,
¢ as 20 ®M°D,

(43)

with @ _and o, indicating the left and right mode shapes respectively.

The knowledge of the velocities for each & — w pair allows to build the dispersion curves. It is also
important for the purposes of this topic to “follow” a given wave mode at varying frequencies. In order to
do that, the results in this paper adopt the B-orthogonality wave mode sorting algorithm originally proposed
by Loveday and Long (2007). Since at the same frequency w, two eigenvectors r and s obtained from Eq.

(39) must respect the orthogonality condition with the B matrix, the same condition can be assumed for the
next frequency step(a)+Aa)), allowing to “follow” or “track” the mode during frequency sweeping

according to:
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0 ifrzs

. 44
#0 ifr=s (44)

Ql(0)8Q, (0+80)=]

The soundness of the proposed GL method can be validated by verifying the conservation of energy

between the incident mode and the scattered (reflected and transmitted) modes:
Ny . .
Ein = Z( EI(?QI + E‘I(':aznsm ) (45)

where E;, . Eégl , ET(,jgnsm are the energy fluxes of the incident wave and of the j-th reflected and transmitted

waves, respectively.
The energy flux carried by the propagating mode j in the n direction over a unit period of time through

the cross-sectional area [ can be evaluated as:

= :jP“)Dn dr, (46)

r

where

P = —%Re[c“) a | (47)

is the Poynting vector, with 4 the stress tensor in matrix form notation and u the complex conjugate velocity
vector.

Substitution of Eq. (47) into Eq. (46) allows to rewrite Eq. (46) in VVoigt notation as

) :—%jRe[(U c) ﬁ]dr- (48)

n
r
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By taking into account the harmonic time dependence of ¢ and u and considering the particular case of

waves travelling in the x direction, the energy term for the j-th mode becomes:
2
Y e
eV =-0L Re[la)F(” cp“)] (49)

where @'Y and F are the nodal displacements and correspondent consistent forces for mode j according

to the adopted FE discretization.

2.3.2 2D Case study: scattering of guided waves in skin-to-stringer

assembly of composite aircraft panels

The GL formulation described above was implemented in a Matlab® code. The code was designed to
calculate the response within a fixed frequency range of the incoming wave and for a fixed number of

frequency steps. The general numerical procedure is schematized in Figure 16.
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1: Input properties and parameters
Assemble stiffness and mass matrices to get K*, M*, K, K,, K;, M”

5

3: FOR @ =0y pr 1A 0y,

4: procedure SAFE

s: Solve [A-£B|Q =0 to get &, ®U*

6: Activate “ModeTracking” to get ordered mode shapes
7 Evaluate c,, c, to get dispersion curves

8 Plot mode shapes

9: Evaluate consistent force vectors FU'

10: end SAFE
1 procedure Global-Local Coupled Solution

12: Activate “Incoming” to get ®; and F,
13: Solve SU" = F" to get amplitudes A7
14: end Global-Local Coupled Solution

5% Evaluate and Plot Poynting vectors

16:  Activate “Energy” to get E, , EV), EY)
17: END FOR
18: Plot dispersion and energy curves

Figure 16 - Key steps of the Matlab GL code.

The geometry of the case study is shown in Figure 17, and represents a scaled version of a skin-to-
stringer assembly found in commercial aircraft construction. This structure is being considered for
ultrasonic guided-wave inspection (Capriotti et al., 2017). Scattering results for typical incoming wave
modes were obtained for a “pristine” case and for four “damage” cases representing relevant defects in this
structure. These predictions can allow to best target the inspection to a particular defect and/or to

guantitatively relate a measured scattering behavior to a particular defect.
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Figure 17 - Global-Local model of the composite skin-to-stringer assembly, with the four “defected”
configurations: delamination between skin and stringer (Defect 1), horizontal fracture in the stringer heel
(Defect 2), vertical fracture in the stringer cap (Defect 3), and delamination between 2" and 3 laminae in

the skin (Defect 4).

In the model, the skin and the hat-shaped stringer are both 8-layers of [0/+45/—45/O]S carbon-epoxy

unidirectional laminae with a total thickness of 1.6 mm. An additional 0° lamina is placed at the interface
between skin and stringer. The zero-degree lamina direction corresponds to the out-of-plane direction of
the 2D drawing in Figure 17. The density of each lamina is 1530 kg/m? and the elastic properties in the
principal direction of material symmetry are given in Table 5 (assuming transverse isotropy), where 1 is
the fiber direction, 2 is the direction perpendicular to the fibers in the lamina plane, and 3 the through-

thickness direction.

Table 5 - Elastic properties for the CFRP lamina

Property C, Co Cis Cx Cas Cs Cu Css Css

GPa 135 5.70 5.70 14.20 8.51 14.20 2.87 4.55 4.55

Shown in Figure 17, the “local” region was extended to include 10 mm on either side of the stringer,
in order to limit any role of evanescent modes when computing reflection and transmission spectra. A total
of 12376 quadrilateral 2-D isoparametric linear elements (5952 for the skin and 6424 for the stringer) were

used for the local discretization, for a total number of local FE nodes of 13022. On the “global” side, for
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computational consistency, two 1D isoparametric linear elements were used for each lamina, for a total of
16 elements and 17 nodes. Four Gauss points were used for the quadrature of the 2D elements, and 2 Gauss

points for the 1D elements. The maximum size of the elements was L = 0.26 mm, in order to satisfy the

following customary meshing criterion:
&> pL (50)
where ﬂ-r =27 G @ isthe wavelength of transverse waves at frequency w traveling at bulk shear velocity

(. With linear elements, values of g =10 (Chang and Mal, 1995) or =20 (Bartoli et al., 2005; Galan
and Abascal, 2005) are customary. For the case of quadratic elements, a value of S =4 was utilized. All

analyses were run using a Core i7 CPU with 64 GB of RAM, in the frequency range of DC-500 kHz, with

steps of 5 kHz. The incident wave source distance was ds =0.25m from the middle of the stringer (origin

of the reference system) on the left side of the drawing in Figure 17.

An initial validation of the accuracy of the proposed GL algorithm was conducted on a simpler
geometry of a pristine multi-layered composite plate corresponding to the skin only of Figure 17. This
analysis was done to check the generation of the dispersion curves and wave energy conservation in the
scattering process.

From the SAFE portion of the GL code, the results in terms of phase velocity and group velocity
dispersion curves in the DC-500 kHz frequency range are presented in Figure 18a and Figure 18b,
respectively. Four modes appear in this range, including three fundamental modes (m1, m; and ms) and a
higher-order mode (m4) with cut-off frequency ~450 kHz. As expected, the curves are generally similar to
the Rayleigh-Lamb dispersion curves of isotropic plates, with m; corresponding to the zero-order flexural
(Ao) Lamb mode, m; corresponding to the zero-order axial (So) Lamb mode, ms to the zero-order shear
horizontal (SHo) Lamb mode, and m, to the first-order flexural (A;) Lamb mode.

For the remainder of the paper, the attention will be focused on the flexural and the axial modes since

they are the ones most commonly utilized in guided-wave testing of composite or metal plates.
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Figure 18 - (left) Phase velocity dispersion curves and (right) group velocity dispersion curves for the CFRP
composite laminate (skin only) from the SAFE portion of the GL code.

The energy conservation check for the transmission (Transm) and reflection (Refl) scattering
processes was performed for the two cases of incident m; (flexural) mode and incident m, (axial) mode
according to Eq. (45) of the GL formulation. In particular, the left boundary of the local region in the
schematic of Figure 17 was used for the computation of the reflected waves, and the right boundary of the
local region in Figure 17 was used for the computation of the transmitted waves.

Figure 19a shows the scattering spectra for the case of m; incident. As expected, due to the absence of
discontinuities or geometrical asymmetries in the pristine composite skin, the same mode m; is entirely
transmitted and no mode is reflected (total transmission) throughout the frequency range. The same result
is obtained for the case of m; incident, shown in Figure 19(c), that again shows the total m, transmission
with no reflections. In addition, the scattering spectra in both cases have a constant unity amplitude that
corresponds to the incident energy, demonstrating energy conservation. These results give confidence on
the accuracy of the GL model for the skin structure. The fact that no spurious reflections are seen at the
higher frequency values also gives reassurance on the level of mesh discretization adopted.

The energy distribution for the incident modes across the laminate thickness is shown in Figure 19(b)

for the m: mode and in Figure 19(d) for the m; mode. These figures plot the values of the Poynting vector
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along the wave propagation direction, x, at the Gauss points. Energy distributions recorded at the left and
the right boundaries coincide with those of the incoming mode, as expected in pristine conditions. These
cross-sectional energy plots shine light on the different “nature” of the incident modes, with the m;
(flexural) mode focusing its energy on the outer plies of the laminate, and the m, (axial) mode affecting
both outer plies and inner plies of the laminate. It is known (e.g. Matt et al. 2005) that these distributions
control how different modes interact with adjacent components (e.g. the stringer) and with skin defects

located at different depths.
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Figure 19 - Skin laminate: (a) Transmission and reflection energy spectra and (b) cross-sectional energy
(Poynting vector) in the case of an m1 incident mode. (c) Transmission and reflection energy spectra and (d)
cross-sectional Poynting vector in the case of an mz incident mode.

The next Global-Local analysis was conducted on the full skin-to-stringer assembly of Figure 17.
The goal was to predict scattering spectra in this system for the case of a pristine assembly, and four

different defects as shown in Figure 17. These defects consisted of: delamination between skin and stringer
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(Defect 1), horizontal fracture in the stringer (Defect 2), vertical fracture in the stringer (Defect 3), and
delamination between 2" and 3 laminae in the skin (Defect 4). Defects 1, 2 and 3 were modelled by
removing some of the elements from the mesh; Defect 4 was modelled by doubling the nodes and physically

separating the elements between the second and third layer for the length specified in Figure 17.

The addition of the hat-shaped stringer to the skin laminate significantly increases the complexity of
the scattering problem. Key results from the GL model of the pristine assembly are shown in Figure 20 and
Figure 21 for the cases of incident m; (flexural) mode and incident m; (axial) mode.

Figure 20a shows the scattering spectra (reflections and transmission) in the DC-500 kHz frequency
range for an incident m; mode. As for the skin-only results, the reflection spectra are computed at the left
boundary of the local region and the transmission spectra are computed at the right boundary of the local
region. As before, the total energy is computed adding up the transmitted and reflected energy for all the
modes, considering a unity incoming mode. Figure 20a shows a computed total energy spectrum flat and
close to 1, which satisfies conservation of energy to within very small numerical errors caused by the FE
discretization and the normal mode decomposition. The same figure also shows that, when m; is incident,
the majority of the energy is transmitted through the skin-to-stringer assembly and reflected back into the
skin as the same mode m;, with very little mode conversion into m.. This is true at most frequencies, except
for specific frequencies such as 105 kHz, 200 kHz, 260-320 kHz and 450-470 kHz, where the mode-
converted m; is transmitted through the overall structure more than m. The lower frequency range (up to
200 kHz) is very sensitive to m;, reaching more than an 80% of transmission, with transmission peaks at ~
50 kHz and ~ 135 kHz. These values could therefore be ideal excitation frequencies for a pitch-catch
guided-wave inspection that uses my in transmission. Conversely, 90% of the m; energy is reflected in the
high frequency range (~360-460 kHz) that can instead be considered for a pulse-echo guided-wave test
using reflection measurements. The spectra in Figure 20a also reveal interesting m;-m, mode-conversion
bands, such as the m, transmission in the ~ 260-320 kHz range and the m; reflection around 200 kHz. The

mode conversion information can also be extremely useful in a practical guided-wave test. The higher-order
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mode m4 appears with a very small contribution above its cut-off frequency of 450 kHz.

The corresponding case of an m; incident mode is shown in Figure 20b. The spectra identify specific
frequency ranges for predominant transmission or reflection behaviour, as well as m-m; mode conversion
opportunities. For example, significant mode conversion into both transmitted m; and reflected m: occur in
the 150-350 kHz range, as well as at some other individual frequencies revealed by the energy peaks. The

plot also shows the small contribution of the higher-order mode m, above 450 kHz.
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Figure 20 - Reflection and transmission energy spectra for (a) m1 incident mode and (b) m2 incident mode in
the skin-to-stringer pristine assembly.

In order to shine additional light on these behaviours, Figure 21 shows results obtained when zooming
into the two salient frequency values of 150 kHz and 200 kHz. For an m; incident mode, for example, the
spectra in Figure 21a shows that at 150 kHz most of the energy is transmitted as the same mode ms. This
result is best explained by the cross-sectional energy distribution (Poynting vector along x) shown in Figure
21b that confirms the same energy shapes at the left boundary and at the right boundary, i.e. little or no
disturbance to the nature of the m1 mode as it crosses through the stringer at this frequency. Conversely, at
a 200 kHz frequency, the spectra for the incident m; mode in Figure 21a shows considerable (50%) mode
conversion into an m.. This different behaviour is again explained by the cross-sectional energy plots of

Figure 21c that show how the m; cross-sectional shape at the left boundary changes into an m, shape at the
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right boundary after traveling through the stringer (see also Figure 19).

If my is used as the incoming mode, at 150 kHz Figure 21d shows a 50-50 split between transmission
and reflection. The Poynting vector plots of Figure 21e at 150 kHz confirms this behaviour, showing a split
of incoming energy into the left boundary and the right boundary. At 200 kHz, instead, significant m, —m;

mode conversion takes place (as seen in the previous m; incoming case), as confirmed by the Poynting
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Figure 21 - Scattering behaviour at specific frequencies (pristine skin-to-stringer assembly). (a) Zoomed
scattering spectra for the m1 incident mode with cross-sectional energy (Poynting vector) at 150 kHz (b) and at
200 kHz (c). Corresponding results for the m2 incident mode in (d), (e) and (f).

vectors of Figure 21f showing a change from m; distribution at the left boundary into an m; distribution at
the right boundary after travelling through the stringer.

The interest in the GL scattering modeling of the “damaged” skin-to-stinger assembly is to explore
defect-mode sensitivities in specific frequency ranges in ways that cannot be obtained from theoretical

considerations due to the material and geometrical complexity of the scattering problem. In this section
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scattering spectra from the GL method are shown for the various defects considered. For the sake of
compactness, the results are shown for the transmission behaviour only and considering possible mode
conversions. This is done in analogy with a pitch-catch guided-wave testing approach of the type
experimentally utilized for a similar structure by Capriotti et al. (2017). In order to better isolate the role of
each defect, the calculations are shown in terms of <defect - pristine> “difference” spectra. Negative values
in the difference spectra correspond to wave energy absorptions caused by the defect, whereas positive
values in the difference spectra correspond to enhanced wave transmission caused by the defect.

The results for Defect 1 (skin-to-stringer delamination) are shown in Figure 22. This delamination was
simulated by eliminating the transition lamina at the left side of the interface. If the flexural m; is used as
the incoming mode (Figure 22a), frequencies in the 85-420 kHz range show a good sensitivity to this defect.
In particular, for example, significant m; wave energy absorption (negative peaks in the difference
spectrum) can be expected at 160 kHz (70% absorption), 250 kHz and 350 kHz. Conversely, increased m;
energy transmission (as high as 70% increase) can be expected at 90 kHz and 290 kHz. The transmission
of the axial mode my, Figure 20d, is also found quite sensitive to this defect. The figure for m, transmission
shows significant absorption peaks (up to 90%) in the higher frequency range 250-450 kHz, and significant
transmission peaks (up to 85%) in the lower frequency range of 50-250 kHz. The stronger transmission at
certain frequencies can be intuitively explained by the fact that skin-stringer delamination eliminates wave
energy leakage into the stringer and thus confines the wave transmission to the skin only. The mode
conversion transmission spectra are also shown in Figure 20b and Figure 22c. These plots reveal specific
ranges of opportunity for detecting the damage through mode conversion, such as the 200-400 kHz range
where several absorption peaks are present. In an actual test, these mode-frequency ranges can be exploited

to optimally detect this kind of defect.

52



incident ‘\\ /M transmitted  2€fect 1: complete delamination skin-stringer

Difference (Defect 1 - Pristine)

Defect 1

| ----- Pristine

1 m; incident - m4 Transmitted 1 my incident - m4 Transmitted
I I I I

0.8
& 06
2 044
‘_"; 0.2
g 07
® -0.2 4
€ -04-
2 06- 3

-0.8 - -0.8 b

'1 '1 ) 1 I I ( )

0 100 200 300 400 500 0 100 200 300 400 500

1 m'1 incider:t -my Tlransmittled 1 m, incident - m, Transmitted
>
(2]
@
c
|
o
O
N
©
=
(<}
=

-1 T T T T -1 T T T T

0 100 200 300 400 500 0 100 200 300 400 500
Frequency [kHz] Frequency [kHz]

Figure 22 - Defect 1 case (skin-stringer delamination). Wave transmission spectra for pristine, defect and
(defect-pristine) difference for (a) m1 incident - m1 transmitted; (b) m2 incident - m1 transmitted (mode
conversion); (¢) ml incident — m2 transmitted (mode conversion), and (d) mz incident — mz transmitted.

The case of the stringer heel crack defect (Defect 2) is shown in Figure 23, where the schematic depicts
the simulated fracture at the top-left corner of the stringer. The transmitted flexural m1 energy for the same
mz incoming mode (Figure 23a) shows good sensitivity particularly in the lower frequency range DC-250
kHz as well as around 350 kHz, where the negative difference spectrum indicates energy absorption (up to
90% at 250 kHz) induced by this defect. Increased transmission (positive difference spectrum) on the order
of 50% is instead predicted at specific frequency values such as 115 kHz and 195 kHz. The transmitted

axial mz mode under the same incoming m, mode (Figure 23d) is also quite sensitive to this defect, with
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wave energy absorption as high as 90% in the 350 — 450 kHz range, and increased transmissions up to 50%
in other frequency ranges. The mode conversion spectra of m; incident-m; transmitted (Figure 23b) and m;
incident-m; transmitted (Figure 23c) generally show less sensitivity to this defect than the same-mode

spectra, with maximum ~40% energy absorption in the 200 — 350 kHz range.
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Figure 23 - Defect 2 case (stringer heel crack). Wave transmission spectra for pristine, defect and (defect-
pristine) difference for (a) m1 incident - m1 transmitted; (b) m2 incident - m1 transmitted (mode conversion);
(c) ml incident — m2 transmitted (mode conversion), and (d) mz incident — m2 transmitted.

The case of the stringer cap crack (Defect 3) is shown in Figure 24. The transmission spectra are
similar to those obtained for the Defect 2 case: the flexural m: - m; combination (Figure 24a) is most

sensitive in the low frequency range DC-200 kHz, while the axial m, — m, combination (Figure 24d) is
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mostly sensitive in the higher frequency range of 250-450 kHz. In these ranges, both combinations show
significant energy absorption (as high as ~ 90%) caused by the defect. The mode-converted spectra of m;
—my (Figure 24b) and m; — m; (Figure 24c) for Defect 3 are also similar to those of Defect 2, with smaller
sensitivity compared to the same-mode spectra. One notable difference between the two stringer damage
cases is the same-mode transmission spectrum around 250 kHz, where the stringer heel crack Defect 2
causes 90% absorption for the m; - m1 combination (Figure 23a) that does not occur for the stringer cap
crack Defect 3 (Figure 24a); the opposite occurs for the m; — mz combination at 250 kHz, where the stringer
cap crack Defect 3 produces 90% absorption (Figure 24d) that is much reduced for the stringer heel crack
Defect 2 (Figure 23d). These kinds of considerations can help selecting specific mode-frequency

combinations and/or interpreting results of guided-wave measurements in these structures.
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Figure 24 - Defect 3 case (stringer cap crack). Wave transmission spectra for pristine, defect and (defect-
pristine) difference for (a) ml incident - ml transmitted; (b) m2 incident - m1 transmitted (mode conversion);
(c) ml incident — m2 transmitted (mode conversion), and (d) mz incident — m2 transmitted.

The last defect that was considered is the skin delamination (Defect 4), that was inserted between the
2" and the 3" layer of the composite skin laminate as schematized in Figure 25. In this case, a very sensitive
combination is the same mode flexural m; - my (Figure 25a), with significant energy absorption throughout
the entire frequency range and absorption peaks of 70% at 80 kHz and 210 kHz. Interestingly, the axial m;
—mycombination (Figure 25d) is only sensitive to this delamination in the high frequency range above 400

kHz, with a peak 80% absorption at 425 kHz. This result is expected by the rule of thumb consideration of

ultrasonic testing where higher frequencies are more sensitive due to the smaller wavelength-to-defect size
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ratios. However, the full GL analysis presented here reveals a much more complete picture of mode
sensitivities, with specific “sensitive” mode-frequency combinations also at the lower frequencies (e.g. in
the aforementioned m; - m; combination). Since the skin delamination breaks the geometrical symmetry of
the skin, it creates some m, — ms and m; — my mode conversions, shown in Figure 25b and Figure 25c,
particularly in the 250-350 kHz range. The mode conversions in this frequency range could also be utilized

to detect this kind of defect in an actual inspection test.
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Figure 25 - Defect 4 case (skin delamination). Wave transmission spectra for pristine, defect and (defect-
pristine) difference for (a) m1 incident - m1 transmitted; (b) m2 incident - m1 transmitted (mode conversion);
(c) ml incident — m2 transmitted (mode conversion), and (d) mz incident — m2 transmitted

This work has addressed the problem of scattering of multimode and dispersive elastic waves
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propagating in waveguide geometries. Among other applications, this topic is of great interest to ultrasonic
guided-wave NDT or SHM of structural components where defects are detected by recording transmission
or reflection scattering of a generated incoming wave mode. Predictions of these scattering patterns for a
given defect can allow to select optimum mode-frequency combinations for the incoming mode, and/or to
identify the type of defect being detected by a specific scattering observation.

For general cases that are complex in terms of either geometry or material properties (or both), this
problem requires a humerical solution. A unified Global — Local (GL) approach has been presented here,
exploiting the computational efficiency of the Semi-Analytical Finite Element (SAFE) technique for a
cross-sectional discretization of the “global” portion, coupled with a full Finite Element discretization of
the “local” portion containing the scatterer. Compared to previous GL studies, this contribution adds: (a) a
general and consistent formulation for the evaluation of the nodal tractions at the global-local boundaries;
(b) the implementation of a robust mode tracking control, based on B-orthogonality, for the automatic
selection of incoming and scattered modes; (c) the possibility to model a wide frequency range also
including higher-order modes; (d) the automatic inclusion of an energy balance check in the results; and (e)
the unification of SAFE and FE in a stand-alone numerical Matlab code that is readily extendable to more
general cases (e.g. independent treatment of the two global regions, explicitly given theoretical formulation
such as consistent nodal forces at the boundaries, or extension to 3D cases).

The proposed GL algorithm was applied to a composite skin-to-stringer assembly typical of
commercial aircraft construction. Various relevant defects were modelled, and scattering spectra were
obtained for guided-wave frequencies as high as 500 kHz under incoming flexural (Ao-type) or axial (So-
type) modes that are typically employed as excitations in guided-wave testing of these components. The
results reveal quite interesting transmission spectra, same-mode or mode-converted, that are peculiar to
each of the defects considered. These predictions can be extremely useful to guide and interpret guided-
wave inspection tests conducted on these components.

The results shown for the skin-to-stringer case study only apply to the specific geometry and material

properties considered. However, the cross-sectional mode shapes mostly control the partition of energy
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between the incoming mode and the scattered modes. Consequently, some scalability of the results to
components of different thicknesses can be qualitatively predicted on the basis of the well-known
invariance of the guided-wave cross-sectional mode shapes with the <frequency x thickness> product (Rose
2014). In other words, for the same mode shape to be generated, frequency and thickness must be inversely
proportional. As a result, for example, specific frequency values of interest in the scattering spectra
predicted for a given thickness of the skin could be scaled to a different skin thickness, provided that the
<frequency x thickness> product is the same.

The section has considered elastic waves with no viscoelastic damping. Damping could be included
by considering complex stiffness matrices in the analysis resulting in complex wavenumbers as discussed,
for example, by Bartoli et al. (2006). The inclusion of damping would affect the predicted scattering spectra
mostly in amplitude, with presumably small shifts in peak frequency positions since those are mostly

controlled by cross-sectional mode shapes (that should not change significantly with damping).

2.3.3 3D Case study: scattering of guided waves from internal cracks in

railroad tracks

Although the GL formulation presented applies to a general 3D case, the case study considered in the
previous section was a 2D (plain strain) analysis that is quite applicable to a scanning-type guided-wave
system of the type utilized by Capriotti et al. (2017). An extension to a 3D scattering case for internal flaws
in railroad tracks using this algorithm has also been studied by the authors and is presented below.

Even though, railroad tracks are usually inspected by ultrasonic bulk waves, they can be considered
as waveguides themselves, since their own geometry supports the propagation of elastic guided waves. The
scattering in this structure is of particular interest to the authors both from a theoretical point of view, as an
extension of the GL method to a 3D case, and for a practical use to aid the work described in (Lanza di

Scalea et al., 2018). The extension of the GL method to the 3D case requires the use of 3D elements in the
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FE local region and of 2D elements in the SAFE global region; also, the assumption of plain strain is
removed. Wave propagation in the x-direction only is still considered.

The geometry of the 3D case study is shown in Figure 26, and represents a real size version of a 136
Ibs track, as the one found in regular railways. Scattering results for typical incoming wave modes were
obtained for a “pristine” case and for four “damage” cases representing different percentages of damage in
the rail head, in presence of a transverse defect (as similarly done in Bartoli et al., 2005), one of the most
relevant cause of failure of this structure, due to fatigue. The material properties and dimensions of the rail
are described in Table 6. The defect is modeled as a missing slice of the head of the rail, perpendicular to
the wave propagation direction, where a column of element has been removed for 15%, 50%, 85% or 100%
of the cross-section in the head.

A total of 22884 wedge 3-D isoparametric linear elements, arranged in 81 columns, were used for the
local discretization, for a total number of local FE nodes of 13022. On the “global” side, for computational
consistency, 284 triangular linear elements were used to discretize the cross-section for a total of 182 nodes.
Six Gauss points were used for the quadrature of the 3D elements, and three Gauss points for the 2D
elements. The maximum size of the elements was L=0.25 mm, in order to satisfy the meshing criterion:

ar > L @)
where Ar is the wavelength of transverse waves Due to computational limitation in the RAM, a value of
B = 20 satisfies the meshing criterion up to 33 kHz, while a g = 10 is satisfied up to 66 kHz. The
performance degrades as frequencies increase and will be better discussed in the following paragraphs. All
analyses were run using the same Core i7 CPU with 64 GB of RAM, in the frequency range of DC-200
kHz, with steps of 1 kHz, to capture the highly populated dispersion behavior of this kind of waveguide.
The incident wave source distance was d, = 1 m from the center of the geometry (origin of the reference

system) on the left side.
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Figure 26 - Global-local model for 3D application on rail track.
Table 6 - Rail AREMA 136 Ibs Properties
p CL Cr Height x Width
Property
kg/m® m/s m/s mm
Property Value 7932 5960 3260 186 x 152

An initial validation of the accuracy of the proposed GL algorithm was conducted on a pristine

geometry. This analysis was done to check the generation of the dispersion curves and wave energy

conservation in the scattering process, after the method was extended to the 3D case in its code

implementation.

From the SAFE portion of the GL code, the results in terms of phase velocity and group velocity

dispersion curves in the DC-200 kHz frequency range are presented in Figure 27a and Figure 27b,

respectively.
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A large number of modes populate the dispersion curve in this case (e.g. 10 modes in the first 10 kHz

only), due to the size of the waveguide and its complex cross-section.
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Several modeshapes were analyzed to select the modes that had a strong interaction with the head
of the rail: experimental excitability of such modes together with high group velocity for ease of reception
and interpretation of the experimental signals (i.e. early time of arrival) has been accounted for in the
selection of the incoming modes. Figure 28 reports the side and front view of mode 5 at 10 kHz, to
emphasize the in-plane displacement (left) and out-of-plane displacement (right). The same is done in for

mode 8.
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Figure 29 - Mode 9: modeshapes side view for in-plane displacement (left), front-view for out-of-plane
displacement (right)
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Figure 30 shows the Normalized Energy for a pristine rail, when mode 5 (left) or mode 8 (right)
are incident in the range 10-180 kHz. Both plots validate the 3D GL method, showing conservation of
energy for the entire frequency range, when the pristine rail is analyzed. A slight mode conversion takes
place above 130 kHz when mode 5 is incident.

Figure 31 shows the same mode 5 interacting with a transverse defect in the rail, of an increasing

percentage.
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Figure 31 - Reflection and transmission energy spectra for m5 incident mode in the defected head
of the rail by (a) 15%0, (b) 50%o, (c) 85% and (d) 100%.
It is clear how the discontinuity creates mode conversion, reducing the transmitted energy: the
larger the defect size (15% to 50%), the stronger the mode conversion (30% to 75% of the total energy),
and the lower the frequency at which mode conversion occurs (50 kHz to 20 kHz). The latter phenomena

can be explained by the physical interaction and hence alteration of waves of increasing wavelength with
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larger defects. Moreover, when the defect involves 85% and more of the rail head, most of the wave is

reflected back (dashed lines). At 50 kHz, mode 5 couples with mode 29 in particular, where up to 60% of

the latter is reflected back when the whole head of the rail is damaged. This effect could be exploited for

example when using a pulse-echo approach in an experimental set-up to detect and characterize the

percentage of defected rail. It also highlights how, for frequencies higher than 160 kHz, the conservation

of energy is not respected, with an effect that is clearer as the defect size increases. This is related with the

leakage of energy absorption from modes included in the analysis towards modes that are not.
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Figure 32 - Reflection and transmission energy spectra for m8 incident mode in the defected head of
the rail by (a) 15%, (b) 50%, (c) 85% and (d) 100%.

When exciting the structure with mode 8 (Figure 32), the inspecting wave starts interacting with
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the head of the rail only at the higher frequencies: above 110 kHz the transmitted energy decays due to the
defect. Again, the more the defect size increases, the higher the mode conversion of the incoming mode in
other modes. Moreover, when the defect size is at least 50% of the rail head, scattering happens also at
lower frequencies (below 20 kHz) and the effect increases with the defect. This interaction might be due to
the intrinsic character of the modeshape.

In this formulation, only propagating modes are considered and evanescent modes are neglected,
assuming their energy vanishes away from the scatterer (geometrical discontinuity or defect). At lower
frequencies, though, this assumption is not fully satisfied as Figure 33 and Figure 34 show: the total energy
has a higher error in its convergence to 1, showing that the boundaries at which the reflected/transmitted
energy is computed are not far enough for the evanescent modes to have decayed. To confirm this
assumption, a study on the distance of the boundaries from the scatterer has been performed, as discussed

below.
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Figure 33 - Size of the Local region and element size study on mode 1 incident: (a) 10cm, (b) 20cm,
(c) 40cm.

Mode 1 is chosen as the incoming mode and Figure 33 shows its interaction with a 100% H.A.
defect in the head, for a rail having a local region length of 10cm (a), 20cm (b) and 40cm (c). It can be
noted how the dimension of the local region affects the results, due to the effect of the evanescent modes:
as the distance of the boundary is placed further from the discontinuity, the total energy converges to 1,
even at higher wavelengths. From a solid mechanics point of view, this effect is similar to a sort of De Saint
Venant principle: as the stress in a beam at a distance higher than the height of the cross-section is not

dependent on the shape of the traction distribution applied at boundaries, here if the distance from the
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boundary is smaller than the height of the cross-section, energy is not conserved.

In the same analysis, it is evident how the meshing refinement affects the performance of the
method. Due to computational limitations, the size of the elements used to discretize the geometry is
augmented as the distance to be modeled increases, namely dx=1.25mm for the 10cm case, dx=2.5mm for
the 20cm case, dx=5mm for the 40cm case. Depending on the phase velocity of the mode, the criterion is
not satisfied above a certain frequency, and convergence errors become larger as the frequency increases.
A trade-off between the element size and the dimension of the local problem needs to be found to optimize
the results and computational expense. In addition, scalability can be exploited for isotropic and symmetric
cases, exploiting the dispersion relationship between phase velocity and <frequency x thickness> product,
so that a real sized problem, very computationally expensive, can be scaled down to a smaller and faster
study.

Finally, the number of scattered modes to be included in the analysis was investigated. Particularly
for large and complex waveguides as railroad tracks, the number of modes populating the dispersion curves
is very high, hence the dimension of the problem is quite big, both in terms of theoretical complexity and
computational effort. A condition on the inclusion of the maximum number of scattered modes can be
imposed, as long as the error in the total energy remains within an acceptable threshold (i.e. less than 10%).
Figure 34 shows the improvement in the total energy result as the number of modes is increased, for an

incoming mode 5 on the 100% defect case.
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Figure 34 - Reflection/transmission energy spectra for m5 incident: study on number of max scattered mode
included in the analysis: (a) 20 modes, (b) 50 modes, (c) 100 modes, (d) 150 modes.

In light of the results and considerations in terms of meshing criterion, evanescent modes and

number of modes scattered, a new analysis on a 40cm rail geometry, element size 2.5mm instead of 5mm

(2.5mm is the element size of the 20cm rail), 150 modes scattered, has been run with the 3D GL method,

for the 100% H.A. defect case study. These results are compared with those obtained for the 20cm rail and

shown in the following Figure 35.
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Figure 35 - Reflection/transmission energy spectra for m2 (left) and m5 (right) incident on 100% H.A.
defect in a 20cm (top) vs a 40cm (bottom) rail.

For both modes, it can be noticed how the distance damage-boundaries affects the result,
confirming the influence of the evanescent modes to achieve conservation of energy. The error with respect

to a total normalized energy converging to 1 reduces as the distance from the boundaries increases and

exceeds twice the cross-section of the waveguide (see Table 7).

Table 7 - Error of total energy: distance from boundary effect

Size Local Error (%)
Region (cm) Mode 1 Mode 2 Mode 3 Mode 4
20 12.8 7.2 11.9 23.6
40 2.4 14 4.0 11.4
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In this work, the 136lbs rail track and transverse defect have been studied only, but the proposed
GL method can be extended to any waveguide geometry and type of defect.

In addition, the homogeneous solution presented here can be extended to the forced solution, where
a spatial and temporal distribution of forces can more closely simulate a real test scenario. The
implementation of such solution requires a precise frequency step and frequency range to satisfy sampling
criteria and to provide a minimum time range to observe wave propagation for the modeled distance. The
author is currently running a variety of cases for both isotropic and anisotropic materials, 2D and 3D
problems, to extract a time-domain response representing the structural behavior of the specimen with and

without defects, given certain loading set-ups.

2.4  Application

The theoretical and numerical studies performed in the previous sections provide insights in
ultrasonic guided wave propagation and enables experimental tests and NDE inspections on composite
panels. Three major sets of composite panels were fabricated in the Advanced Composite Laboratory at
UCSD for the High Energy Wide Area Blunt Impact (HEWABI) project, followed by the NDE HEWABI
project and a later NASA project. Details on the specimens fabrication and impact damage formation are
provided in Section 2.4.1. UGWSs were chosen as the NDE technique to inspect the damaged panels. An
inspection prototype was developed, as shown in Section 2.4.2, after some preliminary investigations,

described in the section below.

2.4.1 Test specimen and previous studies

In the first place, composite panels from a previous FAA HEWABI project (De Francisci, 2013)
developed many major internal damage modes of interest from impact tests. These previously tested

composite panels made ideal test specimens for damage-detection studies in the NDE project because they
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contained large hidden damage to critical elements. The panels were designed and fabricated by University
of California San Diego with supportive guidance from industry experts and were impacted with rubber

bumper indenters (see Figure 36) to investigate damage modes induced from a GSE impact scenario.

Pin with
Rotational
Stiffness

222 kKN Bumper mounted
load cells on fixture
(x2)

Roller with
Rotational
Stiffness

1D Shake
Table Direction

Figure 36 - HEWABI project phase I: damage formation with 1D impact on panel (experimental setup).

The composite panels were fabricated using Cytec X840/Z60 12k unidirectional tape and X840/Z60 6k

weave fabric prepreg materials with ply layups, as listed in

Table 8. All parts were laid up by hand at UC San Diego and were autoclave-cured at San Diego

Composites under a 176.7°C cure temperature. The panels were quasi-statically or dynamically loaded to
induce different types of damage from various impact cases. The major damage modes generated are:

cracked fames, crushed shear ties, stringer heel cracks, skin cracks, skin-to-stringer disbonds.
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Table 8 - Composite parts layup sequences

Part Layup Thickness (mm) Material
Skin [0/[0/45/90/-45],s/0]* 2.7 Tape
Stringer [[0/45/-45/90/45/-45/0]s/0]** 2.4 Tape
Shear Tie [45/0]3s 2.9 Fabric
C-frame [45/0]3s*** 2.9 Fabric

* First and last 0° plies are woven fabric
** L ast 0° ply is woven fabric

*** Two additional 0° fabric were added to both sides of flange

Skin and stiffening internal components have their own unique wave path and share a common
wave path only at the mechanically fastened region every 12 inches, where the shear-ties, bolted to the skin,
connect the C-frames to the whole assembly, as shown in Figure 38a. Although wave propagation through
each individual internal component was studied, differentiating between stiffened internal structure wave
transmission versus skin wave transmission remained challenging. The complex assembly and depth of the
internal components affects the wave propagation scattering pattern and travel through multiple wave paths.
It is very important to understand how much of the wave transmitted/received through the skin penetrates
the internal components and is affected by it. Therefore, various levels of assembly and aspects of joining

were further investigated to establish their influence on UGW transmission.

The tests performed on the panel, with subcomponent parts assembled and disassembled, helped to
understand wave energy leakage into the internal structural components versus transmission within the skin
only. UGW tests were performed first on the full assembly (skin with C-frame bolt joined by shear ties),
then again after removal of the C-frame, and, finally, after the removal of the shear ties (see Figure 38).
The transducers were consistently fixed in place throughout these assembly and disassembly procedures,

using a 3D-printed hold-down mount, as seen in Figure 37, to avoid variations in amplitude due to coupling
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thickness and sensors pressure. Figure 39 shows UGW test results at 150 kHz and the intensity increase for
each disassembled part: a 43% increase when only the C-frame was disassembled, and a 633% increase
when the shear ties were disassembled for skin-only wave propagation. Test results could be related to how
much energy was drawn into the internal composite stiffening components. It was noted that 86% of the
energy leaked into the internal structure when the skin-only wave energy was compared to the fully
assembled panel. These tests proved the possibility to inspect the internal components of the aircraft

fuselage through UGWs in a pitch-catch mode, up to the shear-ties level of penetration.

(c) C-frame and shear ties removed (co-cured shims visible on skin)

Figure 38 - Different levels of disassembly for UGW tests: (a) full assembly with C-frame and shear ties, (b)
C-frame only removed, (c) C-frame and shear ties removed.
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Figure 39 - Assembling/disassembling test results: (a) skin-only vs. entire assembly and (b) skin and shear ties
vs. entire assembly.

Although the assembly and disassembly test showed that a significant amount of energy leaks into
the internal structure, it was still unclear how much of the internally transmitted waves is able to transfer
out, back to the skin side. To investigate wave transmission through the internal structure only, two smaller
stringer panels were joined by a single C-frame, leaving a break in the skin (see figure 14). By conjoining
two panels, skin discontinuity exists and only the waves transmitted through the internal components (and
in particular through the C-frame) arrive at the receiver transducer. As seen in Figure 40, the transmitter
and receiver are attached to the skin on each panel at the center of each shear tie. For a better comparison
of the internally transmitted UGW behavior at different frequencies, UGW test results from Pico Sensors
(the transmitter and the receiver) were investigated instead of the narrowband frequency R15s sensors.
Figure 41 shows that the UGWSs transmitted through the internal structure at 50 kHz had much higher energy
than the UGWs at 150 kHz. Similarly, additional frequency sweep test results show that frequencies lower
than 80 kHz give a strong internal wave energy transmission. Therefore, it would be best to use an excitation
frequency lower than 80 kHz to better investigate UGW propagation through the internal components as

shear-ties and C-frames, which is a necessary condition for detecting damage in those components.
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Break in Skin

Wave Path Through Frame

Figure 40 - Conjoined panels by C-frame to study wave propagation in C-frame only: (left) outside skin view,
(right) inside skin view.
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Figure 41 - Conjoined panels tests result: (left) 50kHz, (right) 150kHz received waveform.

The use of UGWs and the analysis employed in the development of the technique rely on the wave
propagation as it is determined by the given material, geometry, assembly, and finally health condition of
the specimen. The characterization of the wave-propagation properties becomes important to understand
and better exploit the feature changes, and validate the assumption made to perform the experimental tests.

As discussed in the previous section, the analytical solution cannot account for the wave propagation
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through many interfaces (mainly the higher attenuation), into different angles, and for geometries that are
more complex. This can be accounted for using numerical FE simulations and experimental investigation.

The characterization of the assembly is achieved here by the extraction of experimental dispersion curves.

A 2D FFT can be used to extract phase-velocity dispersion curves for a given structure, assuming
that the velocity does not change with direction, i.e. neglecting anisotropy. Exploiting the dispersive and
multimode character of UGWSs when generated by a broadband excitation, the 2D-FFT method, as
explained by Cawley in (ref), can extract amplitude and velocities information of multiple modes, for the

whole frequency range as:

+00 ~+00
Uk, f) =f j u(x, t)e {kx=wt) gy gt

provided a sufficient spatial and temporal sampling.

To do so experimentally, a multiple input, single output (or single input, multiple output)
configuration is needed, using fixed broadband capacitive air-coupled transducers (BAT, from
Microacoustics) for reception and a pulsed laser excitation (Q-switched ND:Yag, 1064 nm, 9 ns duration).
Test results for a laser impulse sent along a line of 64 points (nodes) with a 1-mm resolution, as shown in
Figure 43, are discussed below. The two transducers focus on receiving mostly a specific mode. Mode
selection is achieved tuning the angle of the transducers, following Snell’s law, that relates phase velocity
and incidence/reflection angle:

sind;  sind,

1 C2

76



In this case 1 is the composite material and 2 is air, since the wave has to travel through the

composite, it hits the boundary with a 9; = 90° and exits in air before reaching the transducer. The latter
has to be angled at a 9, = Sin_l(cair/cpmode) , where cq; =340 m/s. For an estimated cp, =
1500 m/s and cp, = 4500 m/s, transducer 1 was angled at ¥, = 13° to better capture the first anti-

symmetric mode, while transducer 2 was angled at 9, = 0° to better capture the first symmetric mode. The

figure below explains the angle tuning for mode selection when using non-contact transducers.

Vine

Dispersion Curve: New Panel, 16 layers, x=0"
. T

2
Cair o=

0 ] %0 40 500 600 700 800 900 1000

i Frecuency [kHa)
1
ﬁi XC

Figure 42 - Angle tuning for mode selection in air-coupled transducer excitation/reception: (left) orientation
of the sensors, (right) phase velocity selection.

Similar tests repeated on an aluminum plate are shown for purposes of comparison. The time signal
on the first point of the line scan, node 1, appear in Figure 44 for two receivers. The respective FFT for one

receiver for the Ao and Sp modes, as gated in Figure 44, appears in Figure 45.

Laser

i Stringer
Skin 8 Excitation

\
\

o LineScan,
Fixed W \ R

Receivers

Pulsed Laser
(Q-switched ND:Yag, 1064 nm, 9ns)

Figure 43 - Laser scanning test setup on composite panel: (left) fixed air-coupled receivers and scanned
region on specimen, (right) laser and optics used for excitation.

77



Air Coupled 1 (node=1)

~ 0.1
S 0
g ‘.}\ . .
2 of L S AN
2 ‘ r‘] il i I
§
-0.1
0 50 100 150 200 250 300 350 400 450
time (us)
Air Coupled 2 (node=1)
< 004 . -
< 002 ” i o b
2 _m’ IM‘ ,". ;“‘W‘l 'l‘\’x“ i "A‘ ,T‘ ‘; ,V‘L I ‘!ﬁ\ il
2 o LAY/ TR R AR AR TN
=1 Vil e B e ‘\"‘, i AR
g-o.oz | LA R
-0.04
0 50 100 150 200 250 300 350 400 450
time (us)

(a) Aluminum plate

amplitude (V)

amplitude (V)

Air Coupled 1 (node 1)

0.2
0-
0.2 ‘ ' '
50 100 150 200 250 300 350 400 450
time (us)
5 Air Coupled 2 (node 1)
0
0.2 - - L
0 50 100 150 200 250 300 350 400 450
time (us)

(b) Composite plate

Figure 44 - Time signal at node 1 for two air-coupled receivers (top and bottom): (a) aluminum plate and
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Figure 45 - FFT of signal at node 1 for A0 and SO modes: (a) aluminum plate and (b) composite plate.

The composite material attenuates the higher frequencies and higher order modes, and the curved
and complex (multiple components) structure disturbs the dispersion of the wave packets and interferes
within them. By applying a 2D FFT, it is possible to visualize the phase velocity dispersion curves in terms

of frequency wavenumber for the multiple modes plotted in Figure 46.
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Figure 46 -2D FFT for experimental extraction of dispersion curves: (a) aluminum plate and (b) composite
plate.

The composite panel filters out most of the modes, especially at the higher frequencies. Plotting

this information in a phase velocity vector, the following dispersion curves appear in Figure 47.
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Figure 47 - Experimental dispersion curves (phase velocity): (a) aluminum plate and (b) composite plate
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Group velocity dispersion curves retrieval has also been studied using Continuous Wavelet

Transform (CWT). Energy information in amplitude and time of arrival can be extracted through CWT, as

shown in Figure 48c. Knowing the distance between excitation and reception, group velocity can be

extracted for the whole frequency range and multiple modes. A preliminary result confirms the use of the

Ao mode group velocity as 1600 m/s for 170 kHz in the gating of the defect-detection analysis performed

and shown in Figure 48d.
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Figure 48 — Data from experimental extraction of dispersion curves. Composite plate at node 1: (a) gated time
signal, (b) FFT of A0 mode, (c) time-frequency CWT, and (d) experimental dispersion curve (group velocity)
for AO mode.
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2.4.2 Nondestructive Inspection of Composite Aircraft Panels by

Ultrasonic Guided Waves and Statistical Processing

The same carbon/epoxy composite panels representative of commercial aircraft construction (e.g.
wide-body fuselage), manufactured and tested at UCSD from a previous FAA sponsored HEWABI project,
(De Francisci, 2013) were used to develop and test the NDE technique. The panels were designed and
manufactured following industry procedures and dedicated fabrication processes to achieve comparable
aerospace characteristics and quality. While the test specimens varied in size, they were manufactured with
the same material and overall structural design. Each test panel (Figure 49) was composed of a curved skin,
stiffened by co-cured stringers along longitudinal direction, and by C-frames (bolted to the skin by shear-
ties) along the radial direction. The lay-up of the skin was as in Table 8. All parts were cured via the
autoclave process.

These panels were subjected to wide area blunt impacts by using a rubber impactor driven by a one
degree of freedom actuator table to simulate a GSE in-service contact and resulting damage formation.
Different damage types and severities at various locations were generated and surveyed by visual inspection
and hand-held ultrasonic scanning. Detected damage included, from the outside skin into the C-frames: skin
cracks, stringer-skin disbonds or detachments, stringer cracks, shear tie cracks, and C-frame cracks. Some

of these are highlighted in Figure 49.
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Figure 49 - Test specimens: (a) Panel 1: five stringers, three C-frames panel with cracked skin and cracked
stringer; (b) Panel 2: four stringers, three C-frames panel with disbonded/detached stringer; (c) Panel 3:
three stringers, two C-frames panel with cracked skin, detached/cracked stringer and disbonded stringer.

The nature of the structure suggested the use of UGW: the ultrasonic waves can travel inside the
different components of the assembly that behave as natural waveguides. Moreover, the complexity of the
panels, in terms of size, curvature, material and number of interfaces and travelling paths, require wide area
coverage and low attenuation, properties that can be satisfied by UGW. The schematic below (Figure 50(a))

shows the adopted inspection approach: the excitation is sent from the outside skin, the wave penetrates
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into the stringers and shear ties, travels into the C-frames and, after interacting with defects if present, can

be collected again from receivers placed on the outer skin.
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Figure 50 - (a) Schematic of the UGW approach for the aerospace panel inspection. (b) Differential
scheme for contact inspection.

Numerical Finite Element studies of UGW propagation in this kind of stiffened panel were
previously conducted in Nucera et al. (2015), in the context of real-time impact force identification. Those
simulations also supported the idea of exploiting the multiple wave modes simultaneously present in this
structure. Figure 51 shows some results from FE simulations conducted using the procedure detailed in
Nucera et al. (2015), where it is possible to notice the presence of the two fundamental modes (anti-
symmetric Ao and symmetric Spg) and their propagation into the different components. The specific
excitation used in this figure was an impulsive force of duration of 0.1 ps, and therefore generating a usable
frequency bandwidth up to 10 kHz. These kinds of simulations aided the time gating of the various wave

modes measured in the experimental tests that are discussed in the next sections.
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(b)

Figure 51 - FE model of a stiffened composite panel: (a) 3D view; (b) cross-sectional view showing multi-
mode wave propagation and acoustic inter-talk between the skin, stringer and shear ties.

Due to the requirement for rapid inspection, a line scanning approach of UGW testing was taken.

Accordingly, the test panels were scanned along a stringer direction as shown in Figure 52.
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Figure 52 - Line scanning approach for (a) contact system and (b) non-contact system; cross-sectional view
(top drawings) and front view (bottom drawings).

This scanning process also lends itself to a statistical analysis aimed at minimizing signal behavior
due to normal operational variability across a scan (specimen inhomogeneities, etc.) and maximizing signal
variations due to true structural defects. Following the general statistical Multivariate Outlier Analysis

(MOA) for novelty detection (Worden et al., 2000; Rizzo et al., 2007), the test scans were normalized by
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their normal statistical distribution (“baseline”). A baseline is built relying on signals collected from a
known pristine area of the impacted specimen; every test scan is then compared to its baseline through a
MOA processor. Relying on the physics of wave propagation, the latter extracts specific features from each
UGW signal, and feeds them into a feature vector. A Damage Index (DI) is computed according to the

Mahalanobis Squared Distance metric:
DI=(x—%)*C1*(x—-x)T, (1)

where x is the feature vector, x is the baseline average vector and C is the baseline covariance matrix. A
large value of DI represents a deviation from the normal statistics of the signals, hence an outlier in the
distribution or, in a damage detection perspective, a defect.

The feature extraction process is performed on selected time-gated wave packets, corresponding to
different wave modes propagating in the stiffened panel structure. This selection relies on velocity
information about the various propagating modes and enhances the sensitivity of the technique to specific
defects.

The initial experimental implementation of the NDE technique used contact PZT transducers to
excite and detect the UGWs in the test panels. Conventional ultrasonic gel couplant was used. Moreover,
the contact approach utilized a differential detection scheme that relies on the “imbalance” of the signal
received on two opposite sides of the transmitter to detect a possible defect. The contact prototype with
differential scheme is shown in Figure 50b. The differential scheme, which UCSD has used effectively in
another NDE project that required scanning across a test structure (Mariani et al., 2013), is robust against
coupling variations of the transmitter and several other changes not associated to damage. A narrowband
PZT transmitter centered at 150 kHz was used in conjunction with two receivers centered at the same
frequency (Mistras R15S). A five-cycle toneburst with Hanning modulation at 150 kHz was used as the
excitation signal. A National Instruments PXI unit running under LabVIEW was used as the signal
generation and acquisition instrument. At each scan line, the UGWSs were collected by the two receivers,

gated in time, and processed to extract features related to the imbalance between the two (e.g. ratios of
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amplitudes). The specific features used are listed in Table 9 (x, ,, refers to the signal from receiver 1 and

2, respectively).

Table 9 - Contact technique features list.

Feature # Feature Name Feature Extraction
_ RMS(x,)
1 RMS Ratio _—
RMS(x,)
2 Maximum Value Ratio M Max|x;| Maxlx,|
ax(Maxlle'Maxlxll
) Area(x;)
3 Area under Packet Ratio —
Area(x,)
|Ppk(x,) — Ppk(x,)|
4 Peak to Peak Normalized Difference P pk(x2)
JPPk(xy) * Ppk(x;)
] ) |AreaFFT (x,) — AreaFFT(x;)|
5 Area under FFT Normalized Difference

Maximum Value Cross-Correlation

6

Normalized Difference
7 Variance Normalized Difference
8 RMS Normalized Difference

\/AreaFFT(xl) * AreaFFT(x3)

max(xcorr(xl, xz))

J max(xcorr(x;)) * max(xcorr(x,))

[Var(xy) — Var(x,)|
\/Var(xl) * Var(xy)

|IRMS (%) — RMS(x,)|
VRMS(x1) * RMS(x;)

These features were then fed into the feature vector and used to compute the DI metric according to

eg. (1). The scan resolution across the damaged areas was approximately 1 cm.

Representative results are shown in Figure 53(a) and (b) for Panel 1 and Panel 2, respectively. The

vertical lines represent known positions of defects from the prior visual surveys and ultrasonic scans. It can

be noticed how the DI increases noticeably in known damaged areas, with very low noise levels, owing to
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the statistical Outlier Analysis. As expected from a skin probing technique, the sensitivity to damage is

higher for the skin defects than for the stringer defects, although the latter are also clearly visible over the

very low noise floor of the pristine structure.

Using a traditional B-scan that simply relies on the maximum amplitude of the signal with no
statistical processing, no reliable detection of damage could be achieved. As shown in Figure 55(a) and (b),
the ratio between the maximum amplitude of the signals collected at receivers 1 and 2 is a highly variable
metric, with poor robustness of defect detection. The statistical analysis improves the reliability of the

result, since it normalizes the metric by the “normal” statistics of the structure.

These promising results led to the development of the next-generation prototype that does not

require contact with the test structure as described in the next section.
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Figure 53 - Representative results from contact UGW scans: (a) Panel 1, (b) Panel 2.
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Figure 54 - Amplitude Ratio from contact UGW scans: (a) Panel 1, (b) Panel 2

To ease the applicability of a rapid scanning technique for an actual field application, a non-contact
version of the UGW system was designed, constructed and tested, which omits the need of couplant
application per scan. Shown in Figure 55, the non-contact scanning prototype consists of a cylindrically
focused air-coupled transmitter (Ultran NCG200-S50-C76-EP-X) (right-hand side in Figure 55) and an
unfocused air-coupled receiver (Ultran NCG200-S19) operated in a pitch-catch mode. The transducers
(both narrowband with a central frequency of 170 kHz) are mounted on a moving cart that allows the rapid
and consistent scanning of the test structure. The stability of the non-contact coupling removes the need for
the differential approach such that a simple pitch-catch test scheme is appropriate. The transducers are also
oriented at angles that maximize the transduction of the dominant flexural mode in the panel’s skin (Rose,
2004; Tuzzeo et al., 2007). Both transducers are piezocomposite devices that minimize the acoustic
impedance mismatch with air for maximum ultrasonic signal transmission and reception. The excitation
signal is a five-cycle toneburst with Hanning modulation centered at 170 kHz. The same NI PXI unit used

in the contact setup was used for signal excitation and acquisition.
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Figure 55 - Non-contact air-coupled scanning prototype experimental setup on Panel 3.

The previously-mentioned multi-mode wave propagation was exploited in the non-contact
technique. A typical received RF waveform from Panel 3 is shown in Figure 56. It is possible to notice
different arrivals. Measurements from contact PZT transducers mounted at specific locations of the panel,
as well as group velocity information from the FE analysis, allowed to separate the dominant flexural mode
traveling primarily in the panel skin from that leaking from the skin into the co-cured stringers.
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Figure 56 - Typical RF waveform measured by the air-coupled pitch-catch prototype from Panel 3.

The multivariate outlier analysis allows to select individual modes (from time gating) to build the
feature vector. The features chosen are related to the signal strength and velocity, and are listed in Table

10, where x,, refers to the signal and p identifies each wave mode packet used.
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Table 10 - Non-contact technique features list

Feature # Feature Name Feature Extraction
1 Maximum Value Max|x,|
2 Index of Maximum Value Ind(Max|x,))
3 Variance Var(x,)
4 Kurtosis Kurt(x,)

The figure below presents the DI trace obtained from the line scan of test panel 3 and using (a) only
skin modes, and (b) skin and stringer modes. It can be noticed how adding the stringer modes results into

an enhanced defect detection sensitivity, especially for the stringer defects.
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Figure 57 - Representative results from noncontact (air-coupled) UGW scans of Panel 3: (a) skin
modes only; (b) skin modes plus stringer modes

Again, the B-scan for the maximum amplitude value is reported in Figure 58, to show the benefit of

the statistical analysis.
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Figure 58 - Maximum Amplitude from non-contact UGW scans: Panel 3

In order to properly assess the performance of the tests, Receiver Operating Characteristic (ROC)
curves were computed (Mariani S., PhD Thesis 2007). These plots compare the Probability of Detection
(POD) to the Probability of False Alarm (PFA) for different threshold levels applied to the DI traces.

ROC curves were computed for each defect type at varying DI thresholds: a curve located in the upper
left corner of the plot indicates a good defection performance (high POD and low PFA). The Area Under
the Curve (AUC) is a metric that summarizes this goodness in performance. The dashed straight line
represents the 50-50 guess.

Figure 59 shows the ROC curves for the contact NDE prototype on Test Panel 1 and Test Panel 2 for
the disbonded stringer, the detached stringer and the cracked skin types of defects. Each symbol in the
curves represents a threshold level applied to the DI traces from the line scans. These results indicate, for
example, that the cracked skin defect can be detected with an 86% POD and 0% PFA or, alternatively, with
a 100% POD and 26% PFA. Similarly, the disbonded stringer defect can be detected with a 94% POD and

0% PFA or, alternatively, with a 100% POD and 29% PFA. A somewhat worse performance was found for
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the detached stringer defect, where an 80% POD affords a 0% PFA (and a 100% POD results into a 47%
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Figure 59 - ROC curves for the contact NDE technique: cracked skin, disbonded stringer and detached
stringer defects (Panel 1 and Panel 2).

Figure 60 and Figure 61 show the ROC curves for the non-contact NDE technique applied to Test
Panel 3. Figure 60 shows the results obtained using the skin modes only. The detection performance is
excellent, especially considering the non-contact nature of the coupling. The best detection performance
was found for the cracked skin and the disbonded stringer defect (e.g. 100% POD with less than 10% PFA),
with somewhat worse performance for the detached/cracked stringer defect (e.g. 100% POD with 25%

PFA, or 70% POD with 0% PFA).
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Figure 60 - ROC curves for the non-contact NDE technique (skin modes only): cracked skin, detached
stringer and disbonded stringer defects (Panel 3).

In Figure 61, the stringer modes are added to the skin modes in the feature vector. This combination

results in a perfect detection performance for all defects considered, i.e. a 100% POD with 0% PFA. The
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reason for this improvement is that the acoustic cross-talk between skin and stringer is such that modes
primarily propagating into one of the two components are sensitive to defects in the other component, in

addition to defects in the same component.
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Figure 61 - ROC curves for the non-contact NDE technique (skin and stringer modes): cracked skin,
detached stringer and disbonded stringer defects (Panel 3).

This section summarizes a rapid NDE technique for the detection of structural defects in composite
aircraft structures subjected to Ground Service Equipment (GSE) impacts. The approach taken utilizes the
waveguide geometry of the structure by means of ultrasonic guided waves. Two laboratory prototypes for
line scanning have been developed, one using contact PZT transducers with a differential approach, and
one using non-contact (air-coupled) transducers in a pitch-catch approach. The inspection utilizes a
statistical outlier analysis that compensates each measurement for the normal (baseline) variation during a
scan, thereby increasing the POD (true detections) and decreasing the PFA (false positive). Tests conducted
on previously impacted test panels representative of commercial aircraft construction indicated an excellent
detection performance (in terms of POD vs. PFA tradeoffs) for skin and stringer defects. A perfect detection
for these defects was actually obtained by the non-contact system once both skin wave modes and stringer
wave modes were combined in the statistical feature vector.

The prototypes discussed here are early-stage laboratory systems that do not include automatic data
processing of the scan. Ongoing work is aimed at adding a tachometer to track the position of the inspection

head, and implementing automatic signal processing to generate the scan output in quasi-real time.
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The defects tested in this study were limited to the panel skin and stringers. Defects located in the
deeper structure, specifically shear ties and C-frames, were not targeted because the frequencies used were
found too high to penetrate these regions. Ongoing work is aimed at testing lower UGW frequencies in an

effort to penetrate into the C-frames to provide comprehensive coverage of the structure.

2.4.3 Inspection of composite aerospace structures by extraction of

UGW transfer function

To increase the level of damage/structural characterization, as explained in the introduction, and to
reduce the equipment bulkiness, towards portability and automation for in situ inspection, the UGW NDE
technique moved to a new design and more advanced approach.

The motivation to an improved scanning and signal processing can be well understood observing Figure
62, where three defected condition of the panel show very low SNR, when using a linear (less powerful)

amplifier:
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Figure 62 - Portable cart-scan set-up (left) with corresponding typical low SNR RF waveforms at specific
defective locations (right): cracked skin (top, red), detached/cracked stringer (center, black), disbonded
stringer (bottom, green), with respect to pristine location (blue).

It can be noticed how the quality of the signal degraded and the wavemodes are less clear. Also,
the data obtained in Figure 62 are the result of an averaging processing where 100 averages per scan have
been used.

To better investigate and isolate wave propagation in the stiffening structure skin-to-stringer and
its interaction with different damage modes, a third set of composite panels was fabricated at UCSD under

a NASA project.

The theory of the dual-output extraction of the transfer function is illustrated below. The problem
at hand is schematized in the block diagram of Figure 63. The first goal is to isolate the transfer function

of the waveguide structure between two points A and B, Hag. The second goal is to associate any changes
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in the extracted Hag to the presence of structural damage between A and B. The technique shown in Figure
63 uses one transmitter of ultrasonic guided waves (e.g. an air-coupled transmitter or an impactor in a
scanning system) in combination with two receivers positioned at points A and B (e.g. a pair of air-coupled

receivers) — hence a single-input-dual-output (SIDO) scheme.

Input signal, Measured signal, Measured signal,
S(f Ml(f) Mz(f)
) T
Transducer response, Receiver 1 Receiver 2
T(f) response, Rl(f) response, Rz(f)
\ T T
Transducer-to-structure || Structure-to-transducer || Structure-to-transducer
coupling, TS(f) coupling, SRI(f) coupling, SRz(f)

S A
/ /

Structure transfer
function, HAB(f)

Source-point A transfer
function, H,(f)

Figure 63 - Extraction of the structural transfer function between two points A and B by a single-input-dual-
output (SIDO) scheme.

The formulation is more easily presented in the frequency domain. By using the convolution theorem and

assuming linearity, the signal measured by receiver 1 can be written as:
M1(f)=S(f)-T(f)-TS(f)-Hga(f)-SR(f)-Ry(F) 1)

In eq. (1), S(f) is the input signal, T(f) is the transmitting transducer frequency response, TS(f) is the
transducer-to-structure coupling frequency response, Hsa(f) is the structure transfer function between
source and point A, SRi(f) is the structure-to-receiver 1 coupling response, and Ri(f) is the receiver 1

frequency response.
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Similarly, the signal measured by receiver 2 can be written as:
Mo (f)=S(f)-T(f)-TS(f) -Hsa(f) -Hag(f)-SR(f)-Rx(f) (2

where Hag(f) is the desired structure transfer function between A and B, SRx(f) is the structure-to-receiver

2 coupling response, and R(f) is the receiver 2 frequency response.

The deconvolution operation between the two receivers leads to:

Mo(F) o SRy(F) Ry(h)
vy -2 R (1) R

Deconv = (3)

If the two receivers are the same device (e.g. two air-coupled receivers), their frequency response and
structure-to-transducer coupling can be reasonably assumed equal, hence: Ri(f)= Rz(f) and SR1(f)= SRx().

In this case,

Mol _ (1)

Deconv = =
M, (f)

(4)

The time-domain transfer function can be simply computed from the frequency domain by an inverse
Fourier Transform operation:

o .
Hag ()= [ Hag(f)e' 2™ df 5)

—0
Hence the deconvolution operation between the two receivers can isolate the desired structure transfer
function without the influence of spurious factors, primarily the excitation signal that can be highly variable
(e.g. an impactor) and could lead to false positive indications of damage.

If the response of the two receivers is different, the deconvolution operation of eq. (3) can still be
an effective structural monitoring metric because it leads to a scaled version of the pure Has where the scale
factor does not change during the scanning process. Hence any changes in this metric can be reasonably
attributed to changes in the structure (e.g. damage) between A and B.

In an effort to validate the transfer function extraction by the above SIDO scheme, the paper
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presents comparable results obtained from a Semi-Analytical Finite Element (SAFE) method on a fiber-

reinforced laminate corresponding to the skin portion of the aircraft skin-to-stringer assembly.
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Figure 64 - Schematic of the SAFE method for modeling ultrasonic guided wave propagation in laminated
composites.

The SAFE method (Hayashi et al., 2003; Bartoli et al., 2006; Marzani et al., 2008), schematized in
Figure 64, can efficiently predict dispersive guided wave solutions by discretizing only the cross-section
(y, 2) of the laminate waveguide by finite elements, and imposing analytical (harmonic) wave propagation

solutions along the wave propagation, x. The displacement field for each finite element is expressed as

©
i1 N;(n, 2) Uy

u@@,y,2,t) = |Zj=1 N0, 2)Uy; | ellxmeD (6)
i1 N;(, 2)Uy;

where Nj(y,z) are finite element shape functions, U is the nodal displacement vector, k is the wavenumber,

w is the frequency, and t is time.
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In the case of a multilayered composite laminate, the local lamina stiffness matrix C can be rotated
onto the global (x, y, z) reference system of the laminate using the following transformation relation (Bartoli

et al., 2006):
Co=R;CR;' )
The global stiffness matrix Co is then assembled to describe the entire laminate.

Using energy balance from Hamilton’s principle, the SAFE formulation leads to the following

eigenvalue problem for an M-degree of freedom system:

[A_kB]ZM Q=0 (8)

where the matrices A and B contain mass and stiffness terms and the vector Q =[U kU]T contains the

nodal displacements (Hayashi et al., 2003).

The eigenproblem of eq. (7) can be solved by finding the eigenvalues kn (m-th mode wavenumber)
and the eigenvectors U, (m-th mode cross-sectional mode shapes) for each frequency w. Considering
propagative modes only, the phase velocity dispersion curves for the waveguide are then calculated as

Con(w) = w/ k, and the group velocity as cq(w) = 6 w / ok following well known relations (Rose, 2014).

These eigensolutions represent the unforced vibrating modes of the waveguide. From these, a
transfer function for the structure can be calculated by computing the “forced” solution of the waveguide,
i.e. the waveguide’s response at point Xg t0 a given forcing excitation at point xs. The forced response can
be calculated from SAFE in a normal mode expansion sense by summing the contributions of the unforced
modes, each weighted by a “participation factor” that represents the degree of similarity between the
excitation shape and the mode shape (Hayashi et al., 2003). Using the notation by (Marzani et al., 2008),

the forced response in the frequency domain can be written as:
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— MM T
U(XR)=—| z D_(UIE]) F UrF?elkm(XR Xs) (9)

m=1 Ym

T
where Dy, :(Q',I‘) B QR , mis the individual mode, M is the total number of forward propagating modes,
the subscripts L and R represent left and right eigenvectors, the superscript T is transpose, and the vector

F contains the applied nodal forces in frequency (Fourier coefficients). Eq. (9) is solved at each frequency

value (Fourier series expansion). The forced response can be converted to the time domain by the following

inverse Fourier Transform:

o j27f t
U(xg.t)= [ U(xg, F)e' <™ tdf (10)
—00
For purposes of comparison with the experimental transfer function, the SAFE predicted response
is computed by considering a forcing function signal that best matches the frequency content of the
experimental signals. For example, for a (narrowband) air-coupled transducer excitation, the model uses a
Hanning modulated toneburst forcing function with a similar frequency bandwidth; for a (broadband)

hammer impact excitation, the model uses an impulse-type forcing function.

This section presents a comparison between experimental and predicted transfer functions for
guided waves propagating in a Carbon-Fiber-Reinforced Composite (CFRP) laminate representative of the
skin of a B787 aircraft fuselage panel. The laminate was a 30 cm x 30 cm plate, composed of 16 plies,
each with a thickness of 0.164 mm, with a quasi-isotropic and symmetric layup [45/-45/0/45/90/-45/0/90]s.

Material’s constants from the manufacturer (unidirectional prepreg tape) are shown in Table 11.
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Table 11- Layup and Lamina Elastic constants for the CFRP material.

Skin [0/45/-45/90/45/-45/0]s 2.624mm Tape (0.164mm x ply)

Skinto | [0/45/-45/90/45/-45/0]s 5.412mm Tape (0.164mm x ply)

Stringer | /90/[0/45/-45/90/45/-45/0]s

E11 (GPa) E2 (GPa) G12 (GPa) G2z (GPa) V12 V23 p (kg/m3)

160.08 8.97 6.21 3.45 0.28 0.36 1550

The guided-wave transfer functions for the laminate (Figure 65) were experimentally extracted

using the dual-output scheme of Section 2 and numerically predicted using the SAFE model of Section 3.
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Figure 65 — Extraction of transfer function in composite laminate “skin”.

The wave excitation and the two wave receptions were performed by piezoelectric transducers
(PICO sensors, Mistras Corporation) attached to the plate by wax to ensure good acoustic coupling. The
two receivers were positioned at a distance of 25.4 mm (1”) from one another. The transmitting transducer

was excited with a center frequency of 170 kHz.
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The experimental transfer function was extracted by first time-gating the responses from the two
receivers to eliminate wave reflections from the plate’s boundaries (Figure 66(a) and (b)). After
transforming to the frequency domain, the deconvolution operation between the receivers was performed
according to eq. (4), followed by a band-pass filtering in the 50 kHz — 270 kHz range that contained the
signal energy from the measurements - Figure 66(c). An inverse Fourier Transform lead to the time-domain
experimental transfer function that is shown in Figure 66(d). The final trace in Figure 66(d) shows a clear
wave packet arriving at around 20 "Isec. This corresponds to a flexural guided wave mode for the composite
laminate that would be produced by an excitation located at R; and detected by a receiver located at R; in
Fig. 3, and is exactly the type of result that was expected by the dual-output deconvolution operation in this
case. If a structural defect were to be present between R; and Ry, this trace would be affected due to wave

scattering at the discontinuity.

The corresponding transfer function predicted by the SAFE model for this case is also shown in
Figure 66(e) and overlapped to the experimental trace. Amplitudes are scaled to 1 since attenuation effects
were not considered in the numerical analysis. The match is quite favorable, in terms of both arrival times
and overall shape of the wave packet. This result confirms the applicability of the deconvolution operation

between the two receivers to extract the structure’s transfer function.
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Figure 66 — CFRP laminate skin: (a) response measured by receiver 1; (b) response measured by receiver 2;
(c) experimental transfer function in the frequency domain; (d) experimental transfer function in the time
domain; (e) comparison between experimental and numerical (SAFE) transfer functions.
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To calculate the predicted response, the SAFE model was run for the given laminate lay-up using
the properties in Table 11 and rotating the stiffness matrix of each ply according to eqg. (7). The wave
propagation direction was along the fibers in the top ply of the laminate. The FE cross-sectional
discretization used quadratic mono-dimensional elements with 2 elements per ply, 3 nodes per element and
three degrees of freedom per node. The analysis started with the computation of the unforced guided-wave
modes of the laminate as the solutions of the eigenproblem in eq. (8). Figure 67 shows the results of the
unforced solutions from SAFE in terms of phase velocity dispersion curves —Figure 67(a), group velocity
dispersion curves — Figure 67(b), and cross-sectional displacement mode shapes at 170 kHz for the three
fundamental wave modes of axial (So) — Figure 67(c), flexural (Ao) — Figure 67(¢), and shear horizontal
(SHo) — Figure 67(d). Some of the profiles show the typical “jumpy” behavior that is due to the different
ply orientations. For the computation of the transfer function shown in Figure 66(e), eq. (10) was employed
at the two receiver positions Ri1 and R, using a forcing function at S consisting of an out-of-plane force
(direction z) applied to the top node of the cross-section as a toneburst of 50 -270 kHz, consistently with

the experimental bandwidth.
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Figure 67 — SAFE solutions for the CFRP laminate skin for 0 deg wave propagation direction: (a) phase
velocity dispersion curves; (b) group velocity dispersion curves; (c)-(e) cross-sectional displacement profiles
for modes So, SHo and Ao at 170 kHz.

Two test panels (herein referred to as “panel A” and “panel B”) were used for the follow-up
experimental work. Pictures of the test articles are shown in Figure 68 and Figure 69, respectively. The
panels represented skin-to-stringer assemblies found in composite aircraft such as the B787 (Capriotti et
al., 2017). The articles consisted of 1.35 m x 1.10 m (panel A) and 1.08 m x 1.10 m (panel B) parts made
of a CFRP skin with five (panel A) and four (panel B) co-cured, hat shaped CFRP stringers. The skin
material was the same as the laminate described in the previous Section 4. The stringers were co-cured on
the skin along the skin surface’s fiber direction and had the same lay-up as the skin, with an additional 90

deg ply at the co-cured interface.
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The two panels contained a series of defects that were of interest to this study. Shown in Figure
68, panel A contained two slits (one on the stringer cap and the other one on the stringer heel), and an
impact damage site on the stringer flange (at impact energy of ~80 J). Shown in Figure 69, panel B contained
three impact damage sites on the stringer cap (at impact energies of ~30 J, ~50 J and ~70 J, respectively).
The interest was to develop an expedite method to detect these defects that are representative of common
impact-caused structural damage found in these structures. A requirement of the method was to access the
panels on the skin side, since access to the interior aircraft structure is generally not allowed in a practical

inspection at an airport depot.

Heel Slit

Cap Slit

PANEL A

Flange
Impact =80)J

Figure 68 — The CFRP stiffened panel “A” with defects.

106



PANEL B

£,

Cap Impact Cap Impact Cap Impact
30J 50J) 70)

Figure 69 - The CFRP stiffened panel “B” with defects.

The experimental approach chosen for this task was to exploit the guided-wave transfer function
across each stringer as the metric to detect the damage of interest. According to the SIDO scheme discussed
above, this required two receivers placed on either side of the stringer, in combination with a wave
transmitter. The deconvolution operation, filtered in the useful frequency band of the waves, yielded time-

domain transfer functions characterizing the wave path between the two receivers.

Damage sensitive features were extracted from the transfer function traces and processed by an
Outlier Analysis (OA) (Barnett and Lewis, 1994; Worden et al., 2000). The waveforms were gated
according to expected time of arrival of the main flexural “skin” mode, but also including an earlier higher-
order flexural mode due to the flanges, axial modes propagating into the skin and later flexural and/or
converted modes propagating into the stringer. The gate window also avoided reflections from the outer

boundaries of the panels and from adjacent stringers’ flanges. A multivariate OA was used, where a
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Damage Index was computed from the Mahalanobis Squared Distance (MSD) operation, where the transfer
function at each scanned position along the panel was compared to the mean and the covariance of a set of
transfer functions from known pristine areas of the panel (baseline). Root Mean Square (related to the
signal magnitude or strength) and Skewness (related to the signal shape or phase distribution) were
computed from the gated time-domain transfer functions and combined into the Feature Vector for the
computation of the MSD discordancy metric (Damage Index). These features are among those previously

used in ultrasonic guided-wave testing studies (e.g. Rizzo et al., 2007).

The tests were implemented in a line scanning mode to generate the Damage Index trace along the
stringer (similarly to an ultrasonic B-scan display). A high Damage Index corresponded to points where
the transfer function was a statistical outlier relative to the pristine region, hence indicative of a defect

location.

Two scanning systems were designed for this purpose. The first system (“air-coupled system”,
Figure 70) was based on air-coupled ultrasonic excitation and detection and operated in a relatively high
and narrow frequency bandwidth of 110 — 210 kHz. This frequency was expected to be sensitive to damage
affecting primarily the skin and the skin-to-stringer interface, such as the stringer flange impact damage.
The transmitter was a cylindrically-focused, 50 mm x 50 mm, piezocomposite air-coupled transducer
(NCG200-S50-C76-EP-X from Ultran Corporation) with a center frequency 200 kHz. The two receivers
were unfocused piezocomposite air-coupled transducers (NCG200-S19 also from Ultran Corporation) with

a center frequency of 200 kHz.

The second system (hybrid “impact/air-coupled system”, Figure 71) replaced the air-coupled
excitation with a custom impactor to lower and broaden the frequency bandwidth to 40 — 275 kHz. The
lower frequency was expected to better penetrate the stringers for detection of the stringer cap impact
damage. The impactor was a specially built, ultralight CFRP laminated strip with an aluminum tip with a

proven performance of a DC-350 kHz frequency range. Since the deconvolution operation is independent
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of the exact shape of the forcing function, there was no need to instrument the impactor with a piezoelectric
sensor. The receivers in this hybrid system were broadband, micro-machined capacitive air-coupled

transducers (BAT-1° from Microacoustics Corporation) with a frequency response of 20 kHz — 2 MHz.

In both scanning systems, the air-coupled transducers were oriented at an angle of ~ 13 deg from
the normal to the surface in order to maximize the detection of flexural-type modes primarily excited in the
panel, according to Snell’s law of refraction. Both systems were mounted on a wheeled cart that also had

a spring-loaded encoder to track the cart’s position during a scan.

Air-coupled
Receivers

| | |
"6.35¢cm ! 19.05 cm !

Figure 70 -The SIDO air-coupled scanning system for defect detection in the stiffened panels.
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Figure 71 - The SIDO hybrid impact/air-coupled scanning system for defect detection in the stiffened panels.

Typical waveforms recorded in the air-coupled system by the two receivers under air-coupled
excitation across the stringer of one of the test panels are shown in Figure 72(a) and (b). The signals are
characterized by a main Aq skin mode, according to the time of arrival and the nature of the test set up,
followed by reflections from the edges of the panel and from the skin-to-stringer overlap. Notice the large
attenuation affecting the signal at receiver 2 due to the significant wave leakage and scattering as it travels
across the skin-to-stringer assembly. The transfer function extracted from these measurements, shown in
Figure 72(c), has a much improved signal-to-noise ratio with clearer waveform features in terms of both
magnitudes and arrival times. This transfer function is less dependent on transduction responses and
highlights the coherent contributions between the two receivers. As such, the full transfer function allows
to detect other modes arriving prior to and after the dominant skin flexural mode, caused by the complex

wave path across the assembly.
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Figure 72 - Air-coupled system: (a), (b) raw waveforms received by the two receivers; (c) reconstructed
transfer function.

Typical waveforms recorded in the hybrid impact/air-coupled system by the two receivers are
shown in Figure 73(a) and (b). The broadband nature of these signals can be noticed. The reconstructed
transfer function is shown in Figure 73(c). As discussed for the air-coupled system, the signal-to-noise
ratio of the transfer function greatly improves relative to the raw air-coupled waveforms. The trace shows

the main flexural mode along with additional modes arriving later due to the additional penetration of the
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wave energy into the stringer. The various modes can be identified more clearly than in the raw waveforms.
Figure 73(d) and (e) shows the filtered versions of the transfer function in the bands of 1-115 kHz and 115-

275 kHz, respectively. Again, wave arrivals and shapes are very clear in the transfer function results.
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Figure 73 - Hybrid impact/air-coupled system: (a), (b) raw waveforms received by the two receivers; (c)
reconstructed transfer function; (d) filtered transfer function (low frequency range); (e) filtered transfer
function (high frequency range).
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The next two figures show the effect of damage on the time-domain transfer function of the two
systems. Figure 74 includes representative results from the stringer flange impact damage in panel A. The
main effect of this type of damage is an attenuation and phase shift of the transfer function signatures. This
is seen in both the air-coupled transfer function of Figure 74(a), and the hybrid transfer function of Figure
74(b). This result can be explained by the increased scattering experienced by the guided wave as it travels
through the damaged portions of the skin-to-stinger overlap that was impacted. The fact that the attenuation
is as evident in the air-coupled trace of Figure 74(a) as in the impact/air-coupled trace of Figure 74(b)
suggests that this type of damage affects directly the skin, either by damage extending through the skin or
by damage at the skin-to-stringer overlap region. The results for the high-frequency band and the low-
frequency band of the hybrid system confirm this observation. The transfer function attenuation is more
evident in the high-frequency range of Figure 74(d) compared to the low-frequency range of Figure 74(c),

as the low frequency range has a higher propensity to penetrate from the skin into the stringer.
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Figure 74 - Effect of the stringer flange impact damage on the time-domain transfer functions: (a) air-coupled
system; (b) hybrid impact/air-coupled system (full bandwidth); (c) hybrid impact/air-coupled system (low
frequency range); (d) hybrid impact/air-coupled system (high frequency range).
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Figure 75 shows representative results from one of the stringer cap impact damages (50 J) in panel
B. Differently from the flange impact case shown in the previous figure, the effect of this type of damage
is an increase in magnitude of the reconstructed transfer function, seen both in the air-coupled system of
Figure 75(a) and in the hybrid impact/air-coupled system in Figure 75(b). This observation can be
explained by the fact that damage present in the stringer but not affecting the skin may cause a decrease in
skin-to-stringer acoustic leakage. The decrease in leakage, in turn, results in additional channeling of the
ultrasonic energy within the skin producing a stronger energy transmission. The transfer function increase
is as marked in the low frequency range shown in Figure 75(c) as in the high frequency range shown in

Figure 75(d).
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The transfer function results of the type shown in the previous section were time gated and
processed through the Outlier Analysis as discussed in Section 5a for the generation of the Damage Index
scans. The analysis tracked the two metrics of Root Mean Square (related to the magnitude or strength of
the time-domain transfer function) and the Skewness (related to the shape of phase distribution of the time-
domain transfer function) in a two-variable Feature Vector that was compared to the baseline distribution
of feature vectors (pristine locations). The following three figures show the Damage Index traces obtained
in one pass by the two scanning systems when moving over the defects discussed in Figure 68 and Figure
69 for the two test panels.

The result for the stringer (artificial) cap slit and the stringer (artificial) heel slit in panel A are
shown in Figure 76. The air-coupled system, Figure 76(a), shows a good detection of the artificial slit in
the stringer heel, that is sufficiently aligned with the actual location of this damage indicated by the
horizontal thick line. The Damage Index is mostly activated at the center of the slit, with less sensitivity at
the slit’s edges. As for the second defect in the same trace, the artificial slit in the stringer cap, the air-
coupled system shows very poor sensitivity due to the fact that the high frequency content utilized by this
system is not able to sufficiently penetrate from the skin into the stringer for probing the stringer cap. The
results from the hybrid impact/air-coupled system for the same two defects are shown in Figure 76(b) (full
bandwidth of 1-275 kHz) and Figure 76(c) where the low frequency range (1-115 kHz) is shown separated
from the high-frequency range (115-275 kHz). It is evident that the hybrid system provides an excellent
detection of both the stringer heel slit and the stringer cap slit, owing to the lower frequency range coupled
with the increased energy from the impact that enables the wave penetration into the stringer. Interestingly,
the high-frequency range in Figure 76(c) shows particular sensitivity to the heel slit edges probably due to
the particular wave scattering at these locations. Overall, the detection of both defects by the hybrid system

shows a reasonable match with the known defect extensions (horizontal thick lines).
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A: (a) result from the air-coupled system; (b) result from the hybrid impact/air-coupled system (full
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The scan results over the flange impact defect of panel A are shown in Figure 77. Figure 77(a)
shows a very good detection of the impacted flange by the air-coupled system, with maximum sensitivity
at the center of the suspected damage (as reported by an ultrasonic A-scan). Hence it is confirmed that the
high-frequency range of the air-coupled system is sufficiently sensitive to the overlap between the skin and
the stringer that is likely affected by the flange impact. Very good detection of this damage is also shown
by the hybrid system in Figure 77(b) (full bandwidth) and Figure 77(c) where the low frequency range and
the high frequency range are separated. In particular, the high frequency range seems to be mostly sensitive
to the center of the damage, whereas the low frequency range is also activated by the wave absorption in

the wider delaminated area around the impact location.
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Figure 77 - Damage Index traces from one scan through the stringer flange impact in panel A: (a) result from

the air-coupled system; (b) result from the hybrid impact/air-coupled system (full bandwidth); (c) result from
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The results from the stringer cap impacts at 70 J, 50 J, and 30 J energy levels in panel B are shown
in Figure 78. The Damage Index trace for the air-coupled system, Figure 78(a), shows a very poor signal-
to-noise ratio, indicating that this system did not perform well for these defects, as expected due to the
inability of high frequency waves to penetrate deep into the stringer. Although individual points of elevated
Damage Index values can be seen in this trace at the center of the impacts, it is very difficult to make any
conclusions on the extension of damage from the noisy traces of Figure 78(a).

A much better result is obtained by the hybrid system in Figure 78(b) and (c). This was expected
due to the lower frequency range and increased energy enabling the wave penetration into the stringer. The
trace in Figure 78(b) shows very good indication of the damage extension, reasonably matching the
suspected extension as determined by ultrasonic A-scans of the impacted areas (thick horizontal lines). For
the 70 J and 30 J impact damage, the behavior of the low frequency band and the high frequency band,
Figure 78(c), is quite comparable. For the 50 J damage, the high-frequency signal tends to be mostly
sensitive to the central locations of the damaged area, with the low-frequency signal affected by a wider
area. This is the results of the complex scattering caused by the specific damage shape and morphology

generated by this particular impact.
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Concluding, a transfer function approach for ultrasonic guided-wave testing is presented for
damage detection purposes. The method is based on a single-input-dual-output (SIDO) scheme that
minimizes the effects of the transducers’ response and the transducers-to-structure coupling effects
compared to a traditional single-input-single-output (SISO) guided-wave testing. For example, the SIDO
method enables the use of excitation sources with unknown spectra (e.g. non-instrumented impactors). By
utilizing a deconvolution operation, the SIDO approach additionally brings out the coherent wave paths
between the two receivers and minimizes the incoherent contributions. These performances are particularly
relevant to scanning systems where the acoustic transduction can be variable.

This method, combined with a statistical Outlier Analysis, was utilized to design two scanning
systems applied to the rapid inspection of representative composite aircraft panels subjected to various
types of impact-caused damage. The two systems explore, respectively, the narrow/high frequency range
(~110-210 kHz) offered by non-contact air-coupled piezocomposite transducers and the broad/low
frequency range (~ 40-270 kHz) offered by the combination of an ultralight impactor and air-coupled
capacitive transducers. The results show how stringer flange impacts affect the skin and the skin-to-stringer
interface, generally producing a decrease in wave transmission strength that is detectable by the high
frequency wave content excited by both the air-coupled system and the hybrid system. Stringer cap impacts,
instead, generally produce an increase in wave transmission strength (through decreased acoustic leakage)
that mostly affects the low frequency and high magnitude wave content that are excited by the hybrid

system.
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Chapter 3

Techniques of Thermal Wave Propagation

3.1 Background of Infrared Thermography: principles

Infrared Thermography is one of the most common NDE techniques for the inspection of the
subsurface of structures in several applications. The possibility to cover a wide area and to simply interpret
and visualize the results makes it very powerful and easy to apply. Moreover, the technique is non-contact
and allows in-situ inspection, avoiding the need to disassemble the structure for dedicated testing. It is
usually operated in an active manner, where an external heat source (usually consisting in powerful light
sources, emitted in a very short time period) “excites” the thermal field in the specimen and temperature
differences can be appreciated, both spatially and temporally. Both theory and applications will be shown.
The drawback of the need of an external heat source could be overcome with passive thermography,
avoiding additional costs and set-up effort, preserving the thermal status of the specimens and offering
additional resolution and imaging enhancement. Moreover, the nature of the technique itself supports this
alternative approach, since the output of a common thermographic test (thermal image) constitutes a huge
temperature database of the specimen. This latter approach will be illustrated theoretically.

IR thermography evolved from photothermal radiometry (PTR), where an IR detector monitors the
surface temperature variation in the sample, measured as a change in the infrared emission according to

Stefan-Boltzmann’s law:
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3.1-1

The law establishes the important dependence of total flux W radiated into a hemisphere from a

body at temperature T. o is the Stefan-Boltzmann constant and ¢ is the emissivity, which is integrated over

all wavelengths A to eliminate the dependence and is fixed for different materials. The emissivity is the

ratio of the capacity of a body to emit/absorb energy in the form of radiation with respect to the one of a
black body (¢ = 1).

The spectral radiant emittance, (W, flux radiated into a hemisphere per wavelength interval dA) is

determined by Planck’s law:

3.1-2
where ¢; and c, are constants. Hence, the amount of radiation emitted depends on temperature and
wavelength, as Figure 79 shows:
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Figure 79 - Planck's Law (left: linear scale; right: logarithmic scale): spectral radiant emission
versus wavelength

Also, at each temperature, the emission peaks at certain wavelengths 4,,,, as described by Wien’s

law:
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At room temperature, the emission peaks at around 10 um . It is important to choose the correct infrared
detector that is most sensitive to the wavelength corresponding to the maximum emittance for the studied

temperature range.

3.2 Theoretical Investigation
3.2.1 Theory of TW and Green’s function method

The output of IR thermography is a 2D temperature field, resulting from the energy exchanges
inside a body governed by heat conduction and its interaction with the structural and thermal properties.

Given a body in a cartesian reference system (x, y, z), we can write the energy balance as:

Vq + t) = or
q n(r,)—pcat

3.1-3
where n (W/m?) is the rate of energy generation, g (W/m?) is the heat flux, p is the density and c is the
specific heat. The right-hand side term contains the heat flowing into/out of the body and the internal heat
sources, while the right-hand side term expresses the rate of storage of energy or the change in specific

internal energy. Introducing Fourier’s Law,

q=—-kVT
3.1-4
Eq. (3.1-3) can be rearranged in terms of temperature as:
V2T + ks n = 1or
k a dt
3.1-5
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Where the material dependence of the temperature distribution is expressed by the diffusivity a = % =

[mTZ]. Eqg. (3.1-5) is the governing heat diffusion equation.

The same result can be achieved starting from a more generalized heat wave equation:

N 10T 109°T
kYT e T 52 0

3.1-6

a on(r,t)

where n(r,t) = n(r,t) + e

and s is the thermal wave speed. For speeds that are very high (in metals

2
$=10° m/s) and thermal time constants 7, = % very small (in metals, 7, =10 s), but larger than the

material’s relaxation time T (Ozisik et al., 1994; Marin, 2010), the above equation can be simplified to a
Fourier type heat conduction, expressed by eq.(3.1-5). To be noticed, the neglection of the propagating term
in eqg. (3.1-6) makes heat propagation a parabolic diffusion equation. Although the scientific community is
divided on this controversial definition, we will refer to this kind of propagation as thermal wave (TW).

The solution to eq. (3.1-5) can be found in terms of Green’s function. This method is very useful
when dealing with analogies with propagating fields and when defects or inhomogeneities can be viewed
as secondary sources (Cole et al., 2010). The formal definition of Green’s function has itself very powerful
consequences in manipulating wave fields and interpreting them. The Green’s function is the solution to an
auxiliary equation:

1 1dg
|72 _ — — -
g+ p S(r—rydt—1) o

3.1-7
for an excitation of the delta Dirac type in time and space and homogenous initial and boundary conditions.
It is the transfer function of the path between the source and any space coordinate and it is here reported in

1-D as:
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3.1-8
The GF itself contains the structural and material information needed to characterize the specimen.
In an NDE perspective, any alteration to the Green’s function of a path can represent the presence of a

defect: Figure 80 shows the spatial effect of the alteration of diffusivity in the 1D GF, for various instants
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Figure 80 - Green's function in space domain for different time instants: (left) diffusivity of PVC; (right)
diffusivity of Steel

Figure 81 shows the Green’s function evolution in time, as evaluated at two different locations,
2mm and 4mm from the source respectively: the trend changes due to diffusivity, where a highly diffusive

material as Gold (a = 127 mm?/s) dissipates heat much faster than PVC (a = 0.08 mm?/s).
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Figure 81 - Green's function in time domain for varying diffusivity values: (left) at x=2mm; (right) at
X=4mm
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The retrieval of the GF in a thermal field could be used for defect detection and material
characterization.

Transforming the equation of heat diffusion in the frequency domain, it becomes:

1
V2T (r, w) — EN(T, w) = T (r, w)

3.1-9
where o(w) = \/%: (1 +i)\/§ is a type of a wavenumber. To be noted, o(w) is the complex

counterpart of a real wavenumber, using the analogy with the elastic wave equation (Mandelis, 1995). It
contains a material dependency as the inverse relationship with diffusivity, and expresses a dispersive
relationship, between time and space (or frequency and wavenumber) governed by an analogous velocity
term (diffusivity).

The TW solution in terms of Green’s function is:

16,0 = (7) [[] etnweinwav,

ta f (6 (s @) VoT (s, @) — T(rs, )VoG (rlrs w)]dS,
S,

0

3.1-10
it can be expressed as the result of two contributions: the transfer function of a certain path convoluted with
a source Q(ry, w) or the temperature distribution due to initial temperature boundary conditions. We can
think about G as the building block for more complex solutions, where the source is arbitrary and the initial
and boundary conditions are inhomogeneous.

Exploiting the concepts above and following Mandelis (2013), the first case study is a simple plate,
considered as a semi-infinite and then finite medium.

In the first case, the Green’s function associated to the homogeneous problem is:
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3.1-11
where R’=|r — 1’y is the source location. The problem is formulated as 3D heat diffusion, where Neumann
adiabatic boundary conditions are applied. The heat source is simulated as a Gaussian Laser beam, of width

W, with time harmonic flux, and it is imposed as an initial boundary condition as:

2 2
s _ & iwt _#
kVoT(ry, w) = > (1+e*)e w

3.1-12
so that the resulting thermal wave field is:
p 2
_(*+y?) +y2) ~op?+27~(f7) 2
0 p
T(x,y,z;0) = f m Iy (vaz + yz)pdp
3.1-13

When reducing the source to a very focused beam located in (xg, y3), on top of the plate (z=0), the

TW simplifies to:

F, e—aJ(x—x0)2+(y—y0)2+zz

47Tk)\/(x—x3)2 + (y —y5)? +z?

aF,
T(x,y,2;w) = G(x ¥, z|x5, v5,0; w) = (

3.1-14
When considering the plate as a medium bounded by two infinite parallel planes at z=0 and z=L,

where L is the thickness of the plate, we can schematize the problem as follows (see Figure 82):
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Figure 82 - Heat propagation within a finite medium as a reflecting thermal wave

The problem is formulated again as 3D heat diffusion, with the same initial and boundary
conditions as above. Also the same source (a Gaussian laser beam) is applied as initial boundary condition,
so that we can exploit the GF solution as in eq. (3.1-13).

The Green’s function associated to the problem is:

] _ L . e—0lr-Tonl e—olr=rionl
G(x' Y leO' Yo, Zo; w) ~ 4rna Zn=—00[ [7=Tonl [r=T7onl
3.1-15
where |r —7onl = \/(x —x0)%+ (Y —y0)? + (z— (2nL — zy))? and [r =700l =

V& —x0)2 + (7 — y0)% + (z — (2nL + z,))?; 2nl + z, are the rays travelling from the top of the plate

to the back and vice versa.

The resulting Thermal Wave is:

F, _x+y’ =
Tx,y,x;w) = Lo w? {Tso(x, v, 2, w) + Z S.(x,y,2nL — z; w) + 3,(x, vy, 2nL + z; )

n=1

2k

3.1-16

_ 2 L+7)2— (22
o e G,}p +(@2nLiz)*-(p)

where J,,(x,y,2nL + z; w) = fo N e * I, (%,/xz + yz) xpdp , Iy is the modified
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Bessel function of 15 kind and order 0 and p = \/(x — x¢)2 + (¥ — y0)?.

Heat propagation is treated as a thermal wave bouncing back and forth off the surfaces of the plate,
treated as half-spaces, so that the resulting thermal field is the sum of all the contributions given by the
reflections within the thickness of the plate. This interpretation is valid for thin structures and has been
implemented in Matlab for an Aluminum plate of 20mm x 10mm x 6mm, n=4 backwall reflections. It can
be noticed how the Temperature diffuses from the location of the source outwards and through the depth
(Figure 83). Also, the different frequency components of the field behave differently, showing a higher

diffusion for higher frequencies.
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Figure 83 - Analytical frequency domain temperature distribution in finite medium: top surface (top), bottom
surface (bottom); at 1 Hz (left) and at 100 Hz (right).
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The time domain solution is found inverting the frequency domain solution: due to computational
limitations the thermal field evolution is observed up to 1s (Figure 84). Errors show up in the front surface

due to time discretization issues.
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Figure 84 - Analytical time domain temperature distribution in finite medium: top surface (left), bottom surface
(right), at y=0 and for varying distances x from the source x=0

The above analytical formulation offered insights on heat propagation interpreted as a thermal
diffusing wave and has been used in both passive and active IR thermographic approaches. The semi-
infinite medium problem can be related to cases where the diffusion is observed in the depth dimension
and/or the diffusion has not yet reached the backwall, since the thickness is greater than the one needed to
provide “reflections”. The plate as bounded by two surfaces is used when visualizing heat propagation as
thermal guided waves and/or when the presence of a defective surface acts as a reflector within the thickness
of the plate. The results provide hints on the possibility of performing material characterization and defect
detection, if a thermal GF is retrieved. Numerical simulations, using a commercial software, have been
implemented to model cases with more complex geometries, materials (i.e. inhomogeneous thermal
properties, defects, ...) and to observe heat diffusion in longer time scales.

Moreover, the above-mentioned TW field solutions of heat propagation can be used for a passive
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approach of IR thermography. The theoretical feasibility of passive Green’s function extraction in thermal

fields is here discussed.

3.2.2 Passive extraction of thermal Green’s function

Cross-correlation of diffuse fields to retrieve GFs has been demonstrated for elastic, dissipative and
electromagnetic waves (Snieder et al., 2009; Snieder et al., 2007; Lobkis and Weaver, 2001; Kuperman,
2008) and widely used in many applications as seismology (Snieder, 2004; Waapenar et al., 2006; Sabra et
al., 2005), oceanography (Sabra et al., 2005) and structural health monitoring (Tippman et al., 2015; Sabra
et al., 2008; Lanza di Scalea et al., 2018a). This is possible because the time-averaged cross-correlation
operation suppresses the incoherent part of the response between the two points, and builds up the coherent
part which corresponds to the ballistic and antiballistic response (Green’s function) between the two
receiving points. The approach relies on the fluctuation-dissipation theorem, as discussed by Callen and
Welton in 1951 and by Callen and Greene in 1952. This fundamental energy theorem states that a
thermodynamic system in equilibrium is related to macroscopic irreversible processes in the same way as
generalized fluctuating forces relate to a characterizing dissipative parameter, intrinsic of the system itself:

(€2 = _Z_kf‘x’ os(w)dw

T ) o W2
3.1-17
where &2is the mean spectral density of the spontaneous fluctuations, o, is the conductance and K is a
constant.
This means that the random fluctuations in a system, acquired passively, contain information about
the system within the dissipative parameter, that, if extracted, could be then imaged and/or used for NDE
or characterization.

The retrieval of the latter could be achieved in terms of GF extraction. For the diffusion equation,

following (Snieder, 2006), we can write:
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iwug/p + V- (DVuasp) = —qass

_i(l)uA/B* +V- (DVuA/B*) = _qA/B*
3.1-18

where uy g is the solution at point A or B for the forces q,,5 and D is the diffusion constant. The second
equation is about the time reversal form, expressed by the conjugate solution w4,z * in frequency domain.

The convolution theorem, in frequency domain, states that:

j(uAQB —ugqy)dV =0
3.1-19
This brings the important consequence of reciprocity, where the GF at point A due to a source at

point B equals the GF at point B given by a source at A:

G(rg, 1) = G(1y,75)

3.1-20
Also, the correlation theorem states that:
f(quB* —ug*qu)dV = 2iw f uug*dv
3.1-21
The latter, combined to reciprocity, leads to:
G(ry,15,w) — G*(1y, 1, W) = Zia)f G(ry,r,w)G*(rg,r,w)dV
3.1-22

Which means that the superposition of the GF between point A and B and its time reversed counterpart
are related to the derivative of the convolution of the two.

For random and impulsive sources (uncorrelated) (Snieder, 2008):

(q(ry, w)q* (15, w)) = 6(1y- T2)|Q(w)|2
3.1-23

And
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u(r) = f G(r, 1) a(ro)dV,

3.1-24
Using these equations into the previously obtained eq. (3.1-22), we have:
G141, @) — G* (74,75, a))|CI((U)|2 = 2iw (uy (14, w)ug (g, w))
3.1-25
and
d
G(ra, 15, t) — G(1y, 15, — ) * Cq = —ZE(uA(TA.t)uB(rB't))
3.1-26

in frequency and time domain, respectively. Equations (3.1-25) and (3.1-26) state that the GF solution
between point A and B, multiplied by the power spectrum of the sources, is proportional to the time
derivative of the frequency domain convolution (or time domain cross-correlation) of the fields at point A
and B. The thermal Green’s Function between two locations can be reconstructed by the cross-correlation
of random thermal field fluctuations, recorded at those two locations.

Particular attention has to be placed on the temporal and spatial averaging of the recorded signals
and cross-correlated results. Also, the diffusive state of the field needs to be such that it allows for the
coherent paths only to emerge from the cross-correlations and any other random path to be averaged out.

The inverse scattering theorem has also been investigated from a theoretical point of view and
understood in a thermal and defect detection perspective. Interpreting the defect as a scatterer, the
superposition of the direct and backscattered fields is related to the auto-correlation of the field at the source:

1

G(ro, o) — G" (1o, 7o) = 1S()[?

(lu(ry, r0)|2)

3.1-27

A schematic of the concept is represented below and has been observed in simulations:
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Figure 85 - Schematic of inverse scattering principle

Applying the above-mentioned theoretical conclusions to a thermal environment, the thermal
signature of the path between two points can be extracted from the correlation of the temperature time
histories of the points, due to the natural thermal exchanges occurring in the structure, when interpreting

the fluctuations as given by random Dirac sources (Figure 86).

Figure 86 - Passive reconstruction of Green’s function: application to thermal waves.

This is because the energy in the volume of interest is related to the energy radiated through the
surface and the one loss through the volume. The thermal properties and the presence of defects would
interact with the propagating heat and result in the retrieved transfer function.

The passive thermal Green’s function retrieval could not be observed through experiments and it

remains an open question. This could be due to hardware limitations posed by the sensitivity (or Noise
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Equivalent Temperature Difference, NETD) of current IR thermocameras. Another reason could be the
necessity of stronger diffused sources, that could not be observed/reproduced in a laboratory environment.
Whether the thermal vibrations of atoms are able to generate thermal transients at the macroscopic level to

be reconstructed passively, remains an interesting aspect to be further investigated.

3.3 Numerical Investigation

3.3.1 Active thermal Green’s Function

Finite element simulations have been performed to understand the conductive heat transfer into plate-
like specimens. An Aluminum plate of 2mm thickness has been modeled in LS-Dyna. An impulsive heat

source excites the thermal field and heat propagation is observed in Figure 87, mapping temperature.

Times 12 Fringe Levels
Contours of Temperature

mine29.0002, -

max=29 8147,

136378 136402 138426

Figure 87 - FEM Heat propagation in pristine Aluminum plate: geometry (left), heat wave propagation
as Temperature (right)
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Structural defects of different types have been simulated to understand the heat interaction with them

and their effect on the thermal wave as it encounters a geometrical or diffusivity mismatch (Figure 88):

Heck by LS-PrePost

Figure 88 - FEM Heat propagation and defect interaction in Aluminum plate: geometry (left), heat
wave propagation as Heat flux (right)

It can be noted in Figure 88 how the defects cause clear discontinuities in the heat flux distribution,
including shadowed areas and virtual heat sources. Analogies with optical and acoustic scattering can be
observed and exploited, as mentioned in the previous section. Different heat sources distributions and
intensities have been simulated in this study.

Moreover, the scale of the problem and the FEM simulated model have been investigated: the
fluctuations magnitude has to be related to a certain scale of time and space output, governed by the thermal
parameters. The dimensions and duration of the simulation have to be tuned accordingly.

For an impulsive heat source in the center of a plate, the 1D heat propagation has been considered.
A through hole has been placed on one side of the source and temperature responses have been recorded

on both sides, at different positions at distances from 2.5 mm to 17.5 mm (Figure 89).
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Figure 89 - FEM temperature response: at source (left), at receivers on pristine side (center), at receivers on
defective side (right).

The temperature distribution is affected by the presence of the defect according to the inverse
scattering principle: the receivers before the defect keep a higher temperature at later times of propagation
since the heat is blocked by the hole and is “reflecting” back; the receivers after the defect have a lower

temperature since the hole “shadows” the heat.

Cross-correlations have been performed to retrieve the thermal Green’s function between the heat

source and the recording nodes (Figure 90 and Figure 91).
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Figure 90 - Cross-correlation of FEM temperature time histories: (top) between source and receivers on
pristine side, (bottom) between source and receivers on defective side.
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Figure 91 - Cross-correlation of FEM temperature time histories: (top to bottom) increasing distance from
source, between source and receivers on pristine side (blue), between source and receivers on defective side
(red).

A dissipative thermal wave can be observed as the cross-correlations are plotted for nodes located
further away from the source. Also, differences can be noted for the same distance in the pristine and defect
case, confirming that the Green’s function retrieval can be exploited for defect detection.

In an NDE perspective, the maximum value and the lag of the peak of each cross- correlation have

been extracted for the pristine and defective side (see Figure 92):
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Figure 92 - Cross-correlation of FEM temperature time histories: (left) peak value, (right) lag of peak, for
pairs of increasing distance from source, between source and receivers on pristine side (blue), between source
and receivers on defective side (red).

Lag, signal processing variables as results in terms of dissipation rate and amplitude have been
investigated to extract the associated Green’s function. ldeally cross-correlations could be performed
between any pair of available nodes in the FEM model (pixel in a real thermographic image) to map
meaningful features extracted from the retrieved “active thermal GFs”. In a real experimental scenario, no
active source would be needed but the natural thermal fluctuations, stimulated by environmental/operational

conditions, would serve as thousands of the above simulated cases, arranged as a diffuse field.

3.3.2 Spatial discontinuity of Thermal Guided Waves

The observations related to heat propagation and defect interaction of the cases presented above,
combined to the theoretical considerations about heat conduction equations and scattering theorems,
suggested an additional interpretation of thermal waves and their potential in NDE.

Recalling eq. (3.1-5) and its hyperbolic nature, we can notice that the temperature spatial
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distribution is driven by the temperature gradient in time. Due to the asymmetry in time for this kind of
process, which distinguish it from the propagation of elastic waves, we can exploit the reciprocity in space.
Spatial symmetries and deviations from it can be emphasized by temperature derivatives in space: at every
instant in time, a spatial derivative can be calculated to retrieve the heat flux propagating in that direction.
This approach would emphasize the presence of material or geometrical discontinuities that alter the normal
heat flow, scattering or trapping heat. Moreover, following Li et al., 2000, a linear impulsive source could
help enhancing the above-mentioned effect, guiding the heat wave and its interaction with the
discontinuities into the plate-like specimen.

The investigation of thermal guided waves (TGWS) propagation is modeled in LS-Dyna, for an
Aluminum plate (100x100x6 mm), mesh size = 2mm, with a linear source at the center of the top surface
of dx=2mm and dy=40mm. The heat pulse has a duration of 0.01s and the propagation is observed for 5s.
Figure 93 shows the propagation for the pristine plate in terms of temperature and heat flux: the propagation
is guided uniformly within the plate and evolves symmetrically, with respect to the source. This is also

confirmed by the heat map of the heat flux in the three decomposed directions.

Temperature Heat Flux: Resultant

Heat Flux: x dir Heat Flux: y dir Heat Flux: z dir

Figure 93 - TGW in FEM pristine Aluminum plate
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When introducing defects in the plate as a slit (2x10x2 mm) to simulate a crack, or a reduction in
thickness (8x8x4 mm), to simulate corrosion, the diffusion is affected and symmetry is broken. The effect
is noticeable in the temperature maps, but is much stronger in the heat flux, where the defect scatters heat

and acts as a secondary heat source.

Temperature | Heat Flux: Resultant i

1302, S48 Sa312

Heat Flux: x dir ! Heat Flux: y dir ! Heat Flux: z dir |

ANZ A5 A

Figure 94 - TGW in FEM Aluminum plate with slit
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Temperature I Heat Flux: Resultant '

Heat Flux: x dir Heat Flux: y dir Heat Flux: z dir

Figure 95 - TGW in FEM Aluminum plate with corrosion

Both defects shadow heat in the x direction and slow the symmetrical evolution of heat in the later
portion of the plate. Heat is trapped within the defect leading to local effects in all directions (Figure 94 and
Figure 95).

Temperature and heat flux time histories have been extracted every mm along the x direction, at
the top surface of the plate: the solid lines represent the pristine area of the plate on the left side of the
source, while the dashed ones represent the defective side. The blue and yellow curves represent an early
instant, while the red and purple curves a later one. Monitoring temperature along a horizontal line on the
surface of the plate, the primary and secondary scatterings lead to a slight increase before and slight decrease
after the defect (Figure 96 and Figure 97 top left). This effect is slightly noticeable in the temperature plots
but is well emphasized in the heat flux, dominated by the heat flux in the x direction, due to the nature of
the linear source.

In a real application, one could only measure temperature and both the defect detection and imaging

performance would be reduced by the very low contrast. Using Fourier’s law:
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q=—kVT
one could image the spatial derivative of temperature to have a measure of the heat flux, at every instant,
and emphasize the discontinuities within the diffusion process. The validation and beneficial effect of this
technique are shown in the top right plots of Figure 96 and Figure 97, where the discontinuity in
correspondence of the defect location is very well noticeable and the value itself of the function is exactly
matching the heat flux, as extracted and plotted in the bottom right plot.

Experimental tests are needed to validate this approach and perform subsurface imaging with

TGWs.
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Figure 96 - FEM Slit in Aluminum plate, time histories along x: temperature (top left), spatial derivative of
temperature (top right), heat resultant (bottom left), heat x dir (bottom right)

148



Temperature att=1.6, 3.6 s Neg dTdx at t=1.6,3.6 s

0.3 ! - .
——pristine, t=1.6s ——pristine, t=1.6s

—pristine, t=3.6s —pristine, t=3.6s
damaged, t=1.6s damaged, t=1.6s
0.2 - - -damaged, t=3.6s| | 2r P - - -damaged, t=3.6s| |

0.1 1F
0 8 * — e 0 L .
0 10 20 30 40 50 0 10 20 30 40 50
Distance (mm) Distance (mm)
s Heat Flux at t=1 -ff, 36s i ‘ 3 Heat Flux x-dir at t=1.6, 3.6 s
—pristine, t=1.6s ' —pristine, t=1.6s
——pristine, t=3.6s ——pristine, t=3 6s
damaged, t=1.6s | damaged, t=1.6s
2 - - -damaged, =3.6s 2t - - -damaged, t=3.6s| |
1 1t
0 i i | | | . | | | ] -~
0 10 20 30 40 50 0 10 20 30 40 50

Distance (mm) Distance (mm)

Figure 97 - FEM Corrosion in Aluminum plate, time histories along x: temperature (top left), spatial
derivative of temperature (top right), heat resultant (bottom left), heat x dir (bottom right)

3.4 Application: Composite Aerospace panels

Although many techniques and applications are available, as well reviewed by Meola, Carlomagno
2003, especially after exploiting the available temperature-time histories (Vavilov, 1992), in the literature,
IR thermography has been widely used for aerospace inspection, because, beside the above-mentioned
advantages, the thin character of aircrafts makes them great candidates for this technique. Baleagas et al.
(1987) applied pulsed PTR to CFRP, Favro et al. (1992) proposed a real time thermal wave tomographic
method in graphite-epoxy structural components subjected to impact damage and more recently
Usamentiaga et al. (2013) proposed the automatic detection of such damage in thin CFRP composites.
Servais et al. (2008) used it to inspect aerospace composite discontinuities for the characterization of their

manufacturing and maintenance using phase information, after several works in the same field. Ibarra-
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Castanedo et al. (2007) reviewed the assessment of aerospace structures by pulsed thermography, used in
combination of different processing approaches.

Among the reviewed methods, exploiting the wave nature of heat propagation, as heat diffusing in
3D into the structure and reflecting from the backwall and/or defects, we use the Thermal Signal
Reconstruction (TSR) technique, as developed by Shepard (2004), to perform NDE on the same composite

panels, used in the Elastic waves section. The TSR relies on the two following equations:

Q
AT(t) = ——
O =—=
34-1
__0 NS
AT(¢) = e\/ﬁ<1+2;e G )
3.4-2

for a semi-infinite and finite medium respectively, which are basically the time domain version of equations

(3.1-14 and 3.1-16), where AT is the temperature evolution in time, normalized by the initial temperature

and e is the effusivity (e = \/kpc). Visualizing the temperature distribution in a logarithmic scale, it is

possible to simplify the time-temperature relation and to appreciate the effect of the geometry in the

propagation. From eq. (3.4-1), we can write:
ln(AT(t)) =In(K) — %ln(t)
3.4-3
here K is a constant.
It can be noticed how the logarithm of temperature decays linearly with time. For a finite medium
(i.e. a plate), we account for the multiple reflection within the surfaces: the decay decreases with time, as
the number of reflections within the plate increases. Figure 98top shows the trends for the semi-infinite

(green), finite plate (black). Rearranging the terms to solve for the temperature, the above equations

become:
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T(t) = exp(ag + a, In(t) + ...+ a, In(H)™)

3.4-4

Hence, the temperature evolution in time can be expressed by a polynomial function. This
simplifies the temperature-time relationship both in the theoretical and in the experimental scenario. In fact,
the large amount of data, which constitutes one of the disadvantages of thermography, can now be reduced
to a simpler function, where only n+1 constants need to be stored. Moreover, the polynomial can be better
exploited mathematically, due to its smooth trend. The time derivative allows to appreciate the deviation
from a “regular” cooling history, showing the presence of defects within the depth of the plate (Figure 98
left, center). A positive slope represents the reflection from a wall and the arrival of the maximum provides
information on the depth of the latter, since temperature plateaus (i.e. maximum temperature increase after

cooling, since heat cannot be created).
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Figure 98 - TSR representative 1D plots (left, Shepard and Lhota, 2014): logarithmic Temperature (top); 1st
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plots (right).
- 2R -

TO TD z
EEEEERE IEERER]
NI B 3D/

d RN o+ d

Loy [ e i 2 [ D
ol i2aT i
ibi pid Pivedubud

Figure 99 - 3D Heat diffusion in a defective specimen: virtual heat source interpretation
(Manohar, 2015)
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As discussed in Manohar (2013; Manohar et al., 2015) and in the previous theoretical section, the
temperature evolution in a defective portion of a specimen can be viewed as the summation of two
contributions: a diffusion of heat through the depth and reflections, and consequent decrease in cooling,
after hitting a discontinuity.

This latter scattering effect, as pictured in Figure 99, can also be seen as if the defect traps heat
above its reflective surface and becomes a secondary heat source itself, initiating a secondary 3D diffusion
process. The more localized and “discontinuous” the defect, the more the “trap and release” effect is
evident. To capture this phenomenon, and enhance defect detection and visualization, a second time
derivative can be performed on the polynomial. The change in the rate of cooling is here emphasized: the
maximum represents the flex point in the cooling, hence the reflection from the discontinuity, while the
minimum represents the later highest cooling, hence the 3D diffusion due to the localized defect (Figure
99bottom). To be noted, the absence of defects within the medium should be demonstrated by a positive
second derivative, since no secondary cooling should occur. The time of arrival of the maximum of the
second derivative (also known as saturation or break time) is related to the depth L of the reflective wall

and diffusivity as:
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Figure 100 - Secondary cooling dependence on defect aspect ratio
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The defect type itself influences the secondary cooling effect, hence the second derivative, both in
magnitude and time of positive and negative peak arrival (Shepherd, Frendberg, 2014). Different
consideration on the defect aspect ratio, defined as diameter/depth of the defect must be done to interpret
the results correctly.

Figure 100 reports three different cases of variations in defect in-plane size (diameter, in-plane
extension), depth (distance from the front surface) and thickness (transverse discontinuity size). The first
case (Figure 100 left) compares two defects at the same depth but with different in-plane extensions: the
red defect will have a stronger and longer secondary cooling, since the lateral diffusion will take longer to
dissipate. The second case (Figure 100 center) considers the depth of the defect: the closer to the primary
heat source, the greater the amount of heat to be reflected and hence diffused as a secondary source. A
minimum aspect ratio is needed, above which detection can be performed. In the third case, a more
“localized” defect is compared to a thin one, as an insert or delamination (Figure 100 right): the greater
discontinuity in the thickness direction, the greater the mismatch in diffusivity, hence the stronger the trap
and release effect. Flat inserts, disbonds and delaminations are harder to detect with respect to flat bottom
holes, inclusions and cracking.

The combination of the TSR and the virtual heat source will be applied in this work to detect and study
defects in aerospace panels.

The same composite panels (

Table 8), manufactured under the NASA project described in the previous chapter and impacted
with different energy levels on the stringer cap and flange, have been tested for an independent IR
thermography damage survey.

Two flash lamps (detail flash lamps) provided the excitation and a FLIR A320 Thermocamera
(320x240, 30 Hz) recorded the temperature evolution for 120s, including the time of excitation, to capture
the entire cooling transient, in a “reflection mode”.

The results are presented as 2D maps, at specific time instants, optimized according to 1D time

plots. The three 1D time plots (temperature, 1% derivative, 2" derivative) use the TSR method, implemented

154



in a Matlab routine. Representative cases are shown below.

For the 1D time plots, five pixels have been chosen to represent the skin (blue and cyan), the flange
(green), the cap (black) and the defect (red) behavior. In all the raw temperature plots, it is not possible to
recognize a noticeable difference in the cooling trend: pixels corresponding to the same component of the
panel (as two skin pixels) have an apparent different temperature response, mostly non uniformities in
heating are emphasized and only a major plateau effect can be appreciated, demonstrating the plate-like
character of the specimen.

The 1% time derivative plot allows to distinguish the different thicknesses, showing a very similar
trend in the cooling rate of components of the same thickness (two skin pixels and cap) and a different time
at which equilibrium is reached (1% derivative approaches 0) for the skin versus flange corresponding pixels.
The cap shows the same cooling trend as the skin pixel, but with a lower cooling rate and slight shift in the
plateau time: this could be due to geometrical effects of the cap that could draw heat propagation into the
sides and add heat diffusion dynamics, delaying equilibrium. Even if the recording time was set to 120s,
the TSR approach reduces the effective observable time, in particular as the degree of the derivative
increases. Often the saturation time for thicker components (as the flange) cannot be observed or is affected
by reconstruction errors.

Looking at the 2" time derivative plots, the skin reaches a maximum at around 6s, almost 4 times
earlier as the flange, agreeing with the saturation time relation with the depth L, given the same material

diffusivity. Cooling trends differences are minimized to enhance the initiation or change in the diffusion

. ‘P -

A\

Figure 101 - Thermographic test on composite panels: skin side mode (left), stringer side mode (right)
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events only. Defects can be appreciated as they show a unique signature, usually different from the other
components, while being closer to the flange (for the flange impacts) since they are mainly affecting the
latter.

Figure 102 shows a 90J impacted flange specimen, when inspected from the “skin side”: the top
2D plot shows the raw temperature, where only heat non uniformities in the excitation and surface
emissivity differences can be noticed. In the 1 derivative 2D (central) plot, the flange shows as a darker
region with respect to the skin, due to its more negative cooling rate driven by the doubled thickness. A
skirt shaped damage can be recognized within the flange, with a larger edge on the exterior flange side,
since the delamination involves the whole flange to skin bond, but extends more in-plane as it moves further
away from the stiffener. The 2™ derivative 2D plot (bottom) reduces the differences in the diffusion process
(uniform plot) and is shown at two instants: the earlier one enhances the localized skin defect while the
later shows again the skirt shaped delamination and the increased severity further away from the stiffener.

Another test has been performed on the same flange impacted specimen, when inspecting the
“stringer side” (Figure 103 and Figure 104): although such modality would not take place in an in-situ
inspection, it can still be performed for NDE to have a full field subsurface defect map and to infer
additional insights on defect formation.

The 1% derivative 2D plot, at early instants, still shows the geometrical features of the stringer,
because of the different scattering from the edges and non-perpendicular surfaces; the different cooling
trend can be already observed at the damage location. Flange and skin show different behavior as time
evolves and the skirt shaped damage emerges, with the higher severity cooling dynamics around the impact
location, due to the “stair” delamination mode. The 2™ derivative 2D plots enhance thickness differences
(uniform skin-thick vs flange-thick components) and emphasize the 3D “trap and release” effect due to the
localized secondary diffusion process. The top of the cap itself manifests a second cooling, due to the
geometrical confinement of heat (Figure 104 top right) and the defect extending to the flange can be clearly
located. Moreover, closer to the hat, the defect shows an opposite simultaneous trend, maybe due to the

evolution of the delamination in multiple plies of different orientation. At later instants, the opposite trend
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is instead observed for locations closer to the hat with respect to further away from it: the trap and release
effect occurs within the damage, probably due to the different levels (number and depth) of the plies
involvement (“stair mode”). Both the 1%t and 2" derivatives show a high severity damage on the stringer
flange that was not emerging in the “skin mode” inspection: the damage shows clear and localized,
involving different plies within the flange, the disbond at the 16" ply emerges later, since it is deeper in the
specimen and shows wider at the edges, merging with the skin.

As for a comparison of the severity of the damage due to a different impact energy, the 2
derivative plots from the “stringer-side” inspection are reported (Figure 105). Slightly different instants
have been chosen, as differences peak at slightly different times. The 70J case shows a less localized
damaged, less plies involvement and smaller in-plane extent. The delamination is more contained within

the flange itself and stays more superficial.
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Figure 106 and Figure 107 report the IR thermographic tests performed on the cap impacts, from
the “stringer-side” inspection mode. As the 2D plots show, the TSR approach eliminates both the
irregularities in the heat excitation and the surface emissivity (e.g. marks from the UT A-scan and writings).
The 1% derivative allows the detection of the damage on the top of the stringer hat and the visualization of
a superficial central type of defect and a deeper and wider delamination type of defect. The delamination
on the top of the hat extends along the longitudinal dimension of the stringer, starting from a thinner central
area, corresponding to the impact location. It looks like the laminate propagated the damage to the sides,
opening up plies into multiple delaminations. The 2" derivative 2D plots confirm this damage formation
assumption, especially in the later instants, where a cross-shaped damage, involving multiple and deeper
layers emerges very well. The earlier instants emphasize the more superficial damage and the diagonally
opposite secondary cooling trend, suggesting a stair case damage mode progression, due to the lay-up.

The comparison among the 30J, 50J and 70J cap impact damages is shown in Figure 108. The 2
derivative 2D maps enhance the defect initiation and progression thanks to the trap and release effect of
this very localized damaged. The trend of the impact is exactly the same, demonstrating the same kind of
defect, but the severity increases with the impact energy. In particular, the damage extends more along the
cap and on the sides and local cracking increases (middle and bottom plots). At a very early time, the virtual
heat source effect is very strong and it increases with the severity of the damage: the diagonal asymmetry

confirms the augmented cracking and staircase damage progression.
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Chapter 4

Comparison of UGW inspection of
composite aerospace structures with UT
and CT datasets

4.1 Introduction

The characterization of damage in structures is often a tradeoff between the complexity of the
inspection set-up and the depth of penetration/resolution/sensitivity of the technique. The choice of the
NDE approach to be employed is usually the result of a balance between several factors as difficulty
and time of inspection, cost, accessibility, portability, performance and safety. Moreover, the desired
level of inspection itself needs to be considered (i.e. damage detection only, damage localization,
damage characterization, imaging, microscopic imaging). Hence, the different NDE techniques do not
have to be exclusive, but can be employed at different stages and integrated to validate assumptions and
offer additional information about the status of the specimen and/or damage.

UGWs inspection embodies advantageous traits offering simplicity of implementation and
interpretation, wide-area coverage, low-cost together with a high probability of detection and acceptable
resolution, in particular for the inspection of large aerospace structures. Moreover, the development of
UGW techniques may be able to characterize not only the presence of damage but also distinguish the

type and severity of the latter, while maintaining rapid deployment.
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To this end, a comparative study of multiple levels of NDE fidelity has been conducted on
impacted composite panels. The developed SIDO UGW scanning prototypes, both in their non-contact
and hybrid approaches, have been compared to submerged C-scan ultrasonic testing (UT), X-ray
Computed Tomography (CT) and IR Thermography. Specifically, the comparison may allow enhanced
interpretation of the UGW results as: the distinction between cap versus flange impact damage, the
detection of skin damage versus disbond as separate damage modes (for the flange impact type) and the
detection of the severity of the delaminations (for the cap impact type). Also, the enabled interpretation
of specific waveform features and their relation to specific damage types could be used to enhance
and/or tailor the damage detection performance (i.e. improved feature extraction/selection to input in a
MOA) and to improve the design of the tests (i.e. excitation/reception mode, most sensitive frequency-
mode combination, scan resolution, scan penetration, etc. ).

In particular, the UGWs results is being compared to the UT inspection for the Flange type
damage and with the CT scans for the Cap type damage. The conclusions drawn for both damage types

can be also compared to the discussion presented in Section 3.4 about the thermographic inspection.

4.2 UGW features sensitivity to impact damage modes

The same SIDO UGW prototype, presented in Section 2.3.4, was used to scan Panel A and
Panel B, with the flange and cap type impact damages, respectively, in their entirety, to better simulate
a real inspection scenario. UT and CT inspection have been performed in a later stage, after the panels

were cut into single stringers. A more detailed scheme of the impacted panels is shown in Figure 109.
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Figure 109 - Scheme of damaged panels: Panel A(left) and Panel B (right).

The collected waveforms have been gathered and organized in a database, according to their
location along the longitudinal dimension of the stringer and centered around the impact location, so
that they could be later compared with the other techniques. The waveforms have been gated as follows

(Figure 110), prior feature extraction, for the hybrid (left) and non-contact (right) extracted transfer
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The main A0 skin mode dominates the signal in both configurations and is plotted in red. The
later portion of the signal, highlighted in yellow, contains higher order modes, either interacting with
the flanges and travelling into the stringer. The coda of the signal, in purple, contains reflections from
the boundaries and other stringers. The earlier mode, in blue, in the hybrid configuration could be the

Al mode, mostly due to the double thickness of the flanges.

Post Impact, scan=41 50cm

Post Impact, Extracted GF, Cart Scan, narrow

—prsing

— damaged

Figure 111 - Typical waveforms of pristine (blue) and defective (red) locations for flange damage
(left) and cap damage (right).

From such waveforms and for each mode (or combination of modes), energy-based features
(namely RMS, maximum value of the FFT, area under the FFT) and phase-based features (namely time
of arrival of the maximum peak, dominant frequency, skewness) have been extracted, to capture the
main differences caused by the wave interacting with the defects. Figure 111 (left) reports a
representative transfer function waveform from a pristine location, in blue, versus a flange impacted
one, in red. Figure 111 (right) is instead representative of a cap impact location. It can be noticed how
the flange impact damage absorbs energy, mostly in the early modes, related to the skin and flange; for
the cap impact instead, less energy penetrates the stringer, due to the presence of defects in the cap, and
contributes to an amplitude increase (with respect to a pristine condition) in both the flange and skin
anti-symmetric modes.

We report below the results for a representative case of flange impact, on Panel A, stringer 3:
Figure 113, Figure 112, Figure 114, Figure 115 and Figure 116 plot the normalized features versus the
location along the stringers in each plot. Each plot belongs to features extracted for different gates and

combination of gates, from the earlier to the later modes within the waveform. The energy features have
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been plotted together since they qualitatively capture the same trend in the signal (red for RMS, green
for the peak of FFT and yellow for the area under the FFT), while the skewness has been selected as the

most representative phase-related feature (pink).
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Figure 113 - Energy based features versus location for 90J flange impacted stringer, hybrid
prototype: RMS (red), area under FFT (yellow), maximum peak in FFT (green). From top left to
bottom right: gatel, gate2, gate3, gate4, gatel+gate?, gate2+gate3, gate3+gate4, entire signal.
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Figure 112 - Phase based features versus location for 90J flange impacted stringer, hybrid
prototype: skewness (pink). From top left to bottom right: gatel, gate2, gate3, gate4, gatel+gate2,
gate2+gate3, gate3+gate4, entire signal.
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The energy-related plot confirm absorption for the entire extension of the damage, in particular
for the first two modes (Figure 113). The third gate is also showing the same trend but with less
sensitivity. The skewness instead peaks in correspondence of the center of the damage (Figure 112): the
dispersion of the guided wave is mostly affected in the earlier modes and where the defect is highly
altering the overall thickness of the specimen. Moreover, the severity of damage can be inferred from a
guantitative analysis of the features. Figure 114 shows the results from the non-contact scanning
prototype: the left plot reports the 90J flange impact, where up to 60-80% of the energy of the
dominating wavemode is absorbed. For the 70J flange impact, on the right, the energy is absorbed up to

50-70%.

__ Narrowband AC: Features from gate2: 80-149us Narrow! band AC: Features from gate2: 80149,

L —

Figure 114 - Energy based features extracted from 90J (left) and 70J (right) flange
impacted stringer, non-contact prototype.

For the cap impact on Panel B, stringer 3, hybrid scanning prototype, again the first wavemodes
capture the presence of the damage, the AO in particular, being the most highly penetrating mode. In
this damage type though, the energy transmission is enhanced by the defect, with respect to the pristine
condition (Figure 115).

The skewness is less robust in detecting the center of the impact (Figure 116): this could be due
to the dispersion effect being less accentuated when the defect is deeper in the structure or when this
kind of damage does not really cause a thickness change within the skin and flange, hence is not
dramatically affecting the velocity of the wave and the presence of early higher order modes.

The above considerations, both in the energy and dispersion content, can help distinguish the

damage type.
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Figure 115 - Energy based features versus location for cap impacted stringer, hybrid prototype:
RMS (red), area under FFT (yellow), maximum peak in FFT (green). From top left to bottom right:
gatel, gate2, gate3, gated, gatel+gate2, gate2+gate3, gate3+gate4, entire signal.
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Figure 116 - Phase based features versus location for cap impacted stringer, hybrid prototype:
Skewness (pink). From top left to bottom right: gatel, gate2, gate3, gate4, gatel+gate?,
gate2+gate3, gate3+gated, entire signal.
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4.3 Correlation for quantitative damage characterization

To quantitatively capture and differentiate damage severity, type and mode (skin damage versus
disbond versus crack/delamination dominated mode) and move beyond damage detection with UGWs,
a correlation analysis has been implemented. The damaged locations have been inspected with higher
resolution techniques that provided the “ground truth” of the defect, in terms of depth, lateral extension,
number and level of plies involved. This information has been quantified at every cm, to be compared
to the UGW scans. The flange type damages have been compared with the UT scans, where four damage
modes have been identified (Figure 118): skin damage (red), disbond (green), flange (blue) and
undamaged (white).

A normalized cross-correlation has been performed and the maximum value within 3cm around
the impact center is extracted for all the features and wavemodes, to capture their sensitivity to specific
damage modes. A positive correlation of the feature with the defect mode establishes an enhanced
transmission, while a negative correlation shows absorption due to the defect; vice versa with respect to
the undamaged mode. Also, the lag value can be used to provide information about misalignment in the

cart inspection, skewness of the wave propagation and/or beam spreading effects.
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Figure 118 - UT on 90J flange impact damage: extracted pixel count (left), time of flight segmented map
(right) versus location. Skin damage (red), disbond (green), flange damage (blue), undamaged flange
(white), undamaged skin (black).

For the sake of brevity, representative results are shown in Figure 117, for the 90J flange impact,

reporting the highest correlations extracted for each damage mode:
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Figure 117 - Correlation analyses between UGW extracted feature (red) and UT extracted feature: skin
damage (left), disbond (center) and undamaged flange (right).

The skin damage correlates best with the skewness, extracted from the sixth gate. This confirms
the effect of the change in thickness and most superficial skin alteration to the dispersion of the wave.
The disbond is best captured by the RMS of the entire waveform: the damage affects multiple modes
and components, and confirms the absorption cause by the disbond since the correlation is negative. The
area under the FFT for the central and later part of the signal correlates up to 0.97 with the undamaged
shape. This means that the extension of the damage manifests itself in the waveform, both in the energy
and frequency content, and can be captured and estimated. Moreover, the feature extracted from most
of the gates correlate negatively with the disbond, while they correlate positively with the undamaged,

confirming the energy absorption behavior.
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These results quantitatively provide information about the damage, enabling damage
characterization with UGW, and suggest the most sensitive features and gates to select in the previous
mentioned MOA, to obtain the best performance in the detection of specific damage modes and improve
the ROC curves.

Finally, the three flange damage modes, detected with the UT and UGW techniques, confirm
the IR thermography results, where skin, disbond and flange related delaminations where manifesting
at different instants, hence involving differently oriented plies and at different depths.

Ongoing and future work will confirm the above- mentioned conclusions on several specimen
and damage cases, and will provide more details about the extent and morphology of the damage from

the UT and CT data and correlation analyses with UGW and IR thermography.
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Chapter 5

Overall Conclusions and Future
Recommendations

In this dissertation, two major NDE techniques have been discussed: elastic ultrasonic waves,
particularly ultrasonic guided waves (UGWSs), and Infrared Thermography, where heat diffusion is used
in its interpretation as thermal waves. Both UGWSs and IR Thermography have been applied to large
composite aerospace panels representative of modern commercial aircraft construction.

The theoretical investigation of the techniques provided a better understanding of the effect of
material properties and geometry on the wave propagation and enabled wave manipulation and
exploitation of specific features, depending on the wave interaction with the structural defects of interest
in stiffened composite aircraft panels.

The numerical analyses aimed at the modeling of relevant case studies, as plate-like geometries
and multi-layered materials, in a pristine and defective status. The numerical results provided an
accurate and efficient tool to aid the design of experimental inspection strategy, as well as to interpret
the recorded data.

Different experimental set-ups have been experimentally tested and iterated on representative

aircraft composite panels in the laboratory.
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5.2 Elastic wave techniques

This dissertation has addressed the problem of scattering of multimode and dispersive elastic
UGWSs. Among other applications, this topic is of great interest to ultrasonic guided-wave NDT or SHM
of structural components where defects are detected by recording transmission or reflection scattering
of a generated incoming wave mode. Predictions of these scattering patterns for a given defect can allow
to select optimum mode-frequency combinations for the incoming mode, and/or to identify the type of
defect being detected by a specific scattering observation.

For general cases that are complex in terms of either geometry or material properties (or both),
this problem requires a numerical solution.

A unified Global — Local (GL) approach has been presented here, exploiting the computational
efficiency of the Semi-Analytical Finite Element (SAFE) technique for a cross-sectional discretization
of the “global” portion, coupled with a full Finite Element discretization of the “local” portion
containing the scatterer. Compared to previous GL studies, this contribution adds: (a) a general and
consistent formulation for the evaluation of the nodal tractions at the global-local boundaries; (b) the
implementation of a robust mode tracking control, based on B-orthogonality, for the automatic selection
of incoming and scattered modes; (c) the possibility to model a wide frequency range also including
higher-order modes; (d) the automatic inclusion of an energy balance check in the results; and (e) the
unification of SAFE and FE in a stand-alone numerical Matlab code that is readily extendable to more
general cases (e.g. independent treatment of the two global regions, explicitly given theoretical
formulation such as consistent nodal forces at the boundaries, or extension to 3D cases).

The proposed GL algorithm was applied to a composite skin-to-stringer assembly typical of
commercial aircraft construction. Various relevant defects were modelled, and scattering spectra were
obtained for guided-wave frequencies as high as 500 kHz under incoming flexural (AO-type) or axial
(SO-type) modes that are typically employed as excitations in guided-wave testing of these components.

The results reveal quite interesting transmission spectra, same-mode or mode converted, that are
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peculiar to each of the defects considered. These predictions can be extremely useful to guide and
interpret guided-wave inspection tests conducted on these components. The case study considered was
a 2D (plain strain) analysis that is quite applicable to a scanning-type guided-wave system of the type
utilized by Capriotti et al. (2017). An extension to a 3D scattering case for internal flaws in railroad
tracks using this algorithm has also been studied by the authors. High group velocity and excitable
modes were chosen as incoming modes to probe a pristine and defective model of track. Results have
been presented in terms of energy scattered from transverse head defects of different sizes. Mesh
refinement, local region length and number of modes included in the analysis have also been considered.

The results shown for the skin-to-stringer case study and railroad tracks only apply to the
specific geometry and material properties considered. However, the cross-sectional mode shapes mostly
control the partition of energy between the incoming mode and the scattered modes. Consequently, some
scalability of the results to components of different thicknesses can be qualitatively predicted on the
basis of the well-known invariance of the guided-wave cross-sectional mode shapes with the <frequency
x thickness> product (Rose 2014). In other words, for the same mode shape to be generated, frequency
and thickness must be inversely proportional. As a result, for example, specific frequency values of
interest in the scattering spectra predicted for a given thickness of the skin could be scaled to a different
skin thickness, provided that the <frequency x thickness> product is the same. The model has considered
elastic waves with no viscoelastic damping. Damping could be included by considering complex
stiffness matrices in the analysis resulting in complex wavenumbers as discussed, for example, by
Bartoli et al. (2006). A forced solution, that includes the reproduction of typical experimental excitation
and reception set-ups (distances, narrow/broadband signals, area of influence of the sensor) and time-
domain responses has also been implemented and is currently being studied for a variety of geometries,
damage types and applications.

This research proposes a rapid NDE technique for the detection of structural defects in
composite aircraft structures subjected to ground service equipment (GSE) impacts. The approach taken

utilizes the waveguide geometry of the structure by means of ultrasonic guided waves. Two laboratory
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prototypes for line scanning were developed, one using contact PZT transducers with a differential
approach and one using non-contact (air-coupled) transducers in a pitch—catch approach. The inspection
utilizes a statistical outlier analysis that compensates each measurement for the normal (baseline)
variation during a scan, thereby increasing the POD (true detections) and decreasing the PFA (false
positive). Tests conducted on previously impacted test panels representative of commercial aircraft
construction indicated an excellent detection performance (in terms of POD vs. PFA tradeoffs) for skin
and stringer defects. A perfect detection for these defects was actually obtained by the non-contact
system once both skin wave modes and stringer wave modes were combined in the statistical feature
vector.

The defects tested in this study were limited to the panel skin and stringers. Defects located in
the deeper structure, specifically shear ties and C-frames, were not targeted, because the frequencies
used were found to be too high to penetrate these regions. Ongoing work is aimed at testing lower UGW
frequencies in an effort to penetrate into the C-frames to provide comprehensive coverage of the
structure.

A transfer function approach for ultrasonic guided-wave testing is also presented for damage
detection purposes. The method is based on a single-input-dual-output (SIDO) scheme that minimizes
the effects of the transducers’ response and the transducers-to-structure coupling effects compared to a
traditional single-input-single-output (SISO) guided-wave testing. For example, the SIDO method
enables the use of excitation sources with unknown spectra (e.g. non-instrumented impactors). By
utilizing a deconvolution operation, the SIDO approach additionally brings out the coherent wave paths
between the two receivers and minimizes the incoherent contributions. These performances are
particularly relevant to scanning systems where the acoustic transduction can be variable.

This method, combined with a statistical Outlier Analysis, was utilized to design two scanning
systems applied to the rapid inspection of representative composite aircraft panels subjected to various
types of impact-caused damage. The two systems explore, respectively, the narrow/high frequency

range (~110-210 kHz) offered by non-contact air-coupled piezocomposite transducers and the
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broad/low frequency range (~ 40-270 kHz) offered by the combination of an ultralight impactor and air-
coupled capacitive transducers. The results show how stringer flange impacts affect the skin and the
skin-to-stringer interface, generally producing a decrease in wave transmission strength that is
detectable by the high frequency wave content excited by both the air-coupled system and the hybrid
system. Stringer cap impacts, instead, generally produce an increase in wave transmission strength
(through decreased acoustic leakage) that mostly affects the low frequency and high magnitude wave
content that are excited by the hybrid system.

The prototypes discussed here are early-stage laboratory systems that do not include automatic
data processing of the scan. Ongoing work is aimed at adding an encoder to track the position of the
inspection head, implementing automatic signal processing to generate the scan output in quasi-real time
and automating the mini impactor excitation modality for the hybrid prototype.

Follow-up work should be devoted to more detailed analyses on the ultrasonic wave interaction
with each of these defects. For the impact locations, this will require knowledge of the precise extent
and morphology of the damage that will be obtained from X-ray computed tomography and/or ultrasonic
C-scan of the test panels. This future study will also refine the selection of damage-sensitive features

and of the time gates imposed on the reconstructed transfer function for the Outlier Analysis scans.

5.3 Thermal wave techniques

Heat propagation as a diffusion phenomenon has been investigated in terms of thermal wave
propagation. The solution proposed here is the formulation of the thermal field (Temperature) by the
use of Green’s functions. The method has been chosen to exploit the analogies and dissimilarities with
travelling elastic waves, so as to visualize the defects as secondary heat sources and to manipulate the
equations in frequency domain, using convolution and correlation theorems, similarly to what done with

elastic waves
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The passive retrieval of a thermal Green’s function by cross-correlation of diffuse fields has
been demonstrated theoretically. Although the feasibility is supported by the theoretical formulation and
the experimental availability of a large database of temperature time histories, output by infrared 2D
detectors, hardware limitations prevented the extraction of a thermal transfer function. The validity of
the theoretical idea also needs to be further investigated in terms of scale, specifically distances between
the Green’s function path, magnitude of the temperature fluctuations, time duration of the diffusion and
frequency of the oscillations. Enormous differences arise when observing heat diffusion at the
macroscale, as the thermal field recorded by a thermocamera, and at the nanoscale, where atomic
vibrations and interactions govern the heat transport.

Such limitations, also characterized by the lack of time invariance in the diffusion process,
suggested the exploitation of spatial symmetries. Numerical studies have been performed on plate-like
structures for metals of different diffusivities. The interaction of heat with the defects and the alteration
of the heat flow has been captured with the use of spatial derivatives. The method enhances the detection
of discontinuities and can be interpreted as the visualization of the heat trapped/shadowed by the defect.
The implementation of such method in time could also provide the extraction of a heat propagation
speed, related to the diffusivity, offering quantitative structural characterization by IR thermographic
measurements, and could be experimentally applied following the grid method (Grediac et al., 2016).
Further numerical and experimental studies have been started in this direction.

Finally, the Thermographic Signal Reconstruction (TSR) method combined to the virtual heat
source concept have been applied to composite aerospace structures, with different damage type. The
technique allowed the elimination of surface emissivity and heating non-uniformities and enhanced the
detection and distinction of skin damage, disbond, flange and cap damage. The time derivatives enable
quantitative defect detection, in terms of depth, type and orientation of the involved plies. This

information is being currently validated through the comparison with UT and CT scans.
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