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Abstract: In this paper, a novel method to quantify the incubation of damage on piezoelectric
crystal is presented. An intrinsic length scale parameter obtained from nonlocal field theory is
used as a novel measure for quantification of damage precursor. Features such as amplitude decay,
attenuation, frequency shifts and higher harmonics of guided waves are commonly-used damage
features. Quantification of the precursors to damage by considering the mentioned features in a
single framework is a difficult proposition. Therefore, a nonlocal field theory is formulated and
a nonlocal damage index is proposed. The underlying idea of the paper is that inception of the
damage at the micro scale manifests the evolution of damage at the macro scale. In this paper,
we proposed a nonlocal field theory, which can efficiently quantify the inception of damage on
piezoelectric crystals. The strength of the method is demonstrated by employing the surface acoustic
waves (SAWs) and longitudinal bulk waves in Lithium Niobate (LiNbO3) single crystal. A control
damage was introduced and its manifestation was expressed using the intrinsic dominant length scale.
The SAWs were excited and detected using interdigital transducers (IDT) for healthy and damage
state. The acoustic imaging of microscale damage in piezoelectric crystal was conducted using
scanning acoustic microscopy (SAM). The intrinsic damage state was then quantified by overlaying
changes in time of flight (TOF) and frequency shift on the angular dispersion relationship.

Keywords: interdigital transducers; Lithium Niobate; nonlocal field theory; nonlocal parameter;
surface acoustic waves

1. Introduction

The development and miniaturization of acousto-electronics [1,2] and acousto-optics modulation
filters [3,4] are primarily based on surface acoustic waves (SAWs) in anisotropic piezoelectric crystals,
such as Lithium Niobate (LiNbO3) and Lithium Tantalate. Among the various piezoelectric crystals,
LiNbO3 has generated considerable interest as a potential material for acoustic device applications,
due to its high electromechanical coupling coefficient (K2 = 5.3%) [5]. The generation and detection of
acoustic waves in piezoelectric crystals with the aid of inter-digital transducers (IDTs) have attracted
widespread scientific interest for signal processing and filtering applications, and also been used as
sensor for pressure, temperature, traces of vapor and gases [6,7]. The SAWs transducers are fabricated
using electrically conductive comb-shaped structures (digital and inter-digital transducers; DT, IDT) in
the frequency range varying from the upper GHz range (of typically up to 15 GHz) to the lower MHz
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range [8]. It has several advantages like; small volume, high sensitivity, diverse type and convenient
process which made it used in several measurement areas.

In last few decades, a significant number of non-destructive evaluation (NDE) and structural
health monitoring (SHM) techniques have been implemented for detecting the failure in critical
structures. Currently, the emphasis of SHM techniques is on global and local damage detection using
vibration-based techniques [9] and guided wave-based techniques [10]. Guided waves such as Lamb
waves and SAW have been explored for detection of surface and subsurface defects/delamination [11–14].
Recently, highly sensitive strain sensors employing SAW resonator have been developed for SHM
applications [15–17]. It was demonstrated that the strain induced in the structure could be sensed using
SAW sensors, and macroscale damage could be quantified. These SAW-based piezo-sensors also act as
a self-sensing device which is capable of detecting surface and subsurface aberrations and damages.

Investigations using several methods have been conducted on the experimental and theoretical
aspects of acoustic wave propagation in anisotropic piezoelectric sensors [18]. The experimental
investigations were mainly focused on the characterization of piezo-electric sensors and determination
of elastic constant of the anisotropic crystals [19]. The dispersion relationship and phase velocity
information have been experimentally determined using neutron scattering [20], Brillouin scattering [21],
pulse superposition, and pulse-echo overlapping technique [22,23]. Based, on the anisotropy of the
sensors, complex patterns of caustic wave propagation are observed [24]. Scanning acoustic microscopy
is another sensitive technique used for sensors or material characterization that could be used both in
reflection and transmission modes [25–30]. Ultrasonic point source-point receiver [31] and coulomb
coupling techniques employed by Habib et al., have explored piezoelectric coupling for acoustic waves
propagation in the piezo-electric sensors [32–35].

In conventional SHM, the underlying assumption is that the sensors are inherently healthy and
calibrated to compensate for error and noise arising from the harsh environmental conditions. In harsh
environmental conditions and extreme loadings, such as fatigue, corrosion and high temperature,
hidden damage is induced within the sensor. The sensors which are sensitive to active devices
usually suffer more damage compared to the structure. However, both in research and practice,
limited considerations are devoted to quantifying the health of the sensors. The error induced due to
the degraded sensor is circumvented by correcting the acquired response by a baseline compensation
factor. Instead of ignoring the performance deterioration of the sensors, we focused our efforts on
detecting the damage in the sensors. For global damage detection, we realistically assumed that the
IDT sensor and structural system are inherently coupled. We assume that the sensors and the structures
are one integral entity and the damage induced in the SAW sensors manifests the initiation of damage
in the structural system. In our proposed technique, the IDT sensor has dual advantages: (a) acting as
a calibrating benchmark sensor whose health represents the damage in the structure; and (b) acting as
a master sensor, which continuously monitors the health of the structure.

In this paper, we propose a methodology for quantifying the precursor to damage in the sensors
that can provide sufficient warning time for early retrofitting of the structure. The damage precursor is
defined as any hidden feature resulting from early degradation of the material, leading to microscale
defects or microstructural and morphological changes. Quantification of damage precursors includes
one of the aspects such as detection of damage incubators, recognizing initiators such as micro
indenters or microstructural phase changes or micro-crack nucleation [36]. In the context of the paper,
macroscale damage is defined as an indentation of 20 µm. A void, cavity or indentation smaller
than one hundredth of the detectable crack size (i.e., 20 µm) is qualified as the precursor to damage.
Multiple micro-cracks could coalescence or nucleate to form a macroscale crack. Monitoring the
health of the sensors provides value-added information towards a precursor to damage. In this
study, a surface defect of depth 0.2 µm is labelled as microscale damage and is considered to act as
a precursor to macro-scale damage. The measurement of surface defects of depth 0.2 µm is difficult
using attenuation and scattering phenomena. The precursor to damage in a piezoelectric crystal could
also arise from the cracking and delamination of IDT from the substrate. Precursor damage may arise
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in an embryonic state in the form of microscale damage such as a surface/subsurface aberration and
crack that nucleates together to form macroscale damage.

In order to quantify the precursor to damage, non-local field theory is formulated and a
damage-sensitive index is derived. The nonlocal parameter provides the state of damage in the
material by exploring directional dependent dispersion relationship. The proposed formulation can be
adapted for quantification of the precursors arising from fatigue loading, corrosion, and thermal effects.
To the best of the authors’ knowledge, no studies have been conducted to detect damage induced due
to microscale cracks, surface aberration and delamination using non-local field theory. The novelty
of this work is it proposes a damage feature that quantifies the precursor to macroscale damage and
provides an indication for early warning measures regarding the evolution of damage.

2. Experimental Investigation

2.1. Surface Acoustic Wave Using Inter-Digital Transducer

The precursor to the damage is quantified using the nonlocal damage index developed through
non-local field theory. To demonstrate the applicability of the proposed formulation, experimental
investigation is conducted using a SAW and longitudinal waves in Lithium Niobate crystal,
as discussed below. Interdigital electrodes were fabricated on a LiNbO3 single crystal. The LiNbO3

crystal was cleaned using acetone, isopropanol, and trichloroethylene for 10 min at a temperature of
60 ◦C. Then, the wafer was subjected to ultrasonic cleaning treatment for 10 min using de-ionized
water. In order to remove the moisture content, the wafer was baked at 120 ◦C. After cooling the
wafer, the photoresist was applied to the surface using the spin coating technique at 4000 rpm for 55 s.
Later, the wafer was soft-baked for 10 min at about 125 ◦C. After soft-baking, the wafer was exposed
to UV light (15 mW/cm2) for 2 s. The exposed area of the resist becomes soluble to the developer.
This developing procedure continued until the section which was exposed to UV light was completely
etched. Then, IDT structures were coated with 0.12 µm gold by thermal evaporation. Then the lift-off
technique was adopted to realize the structures. The fabricated individual IDT sensors were bonded
to the LiNbO3 substrate using the ultrasonic wafer bonding method. The schematic diagram of the
fabricated IDT and its dimensions is shown in Figure 1a. The experimental setup of for the IDT for
SAW propagation in the LiNbO3 substrate is shown in Figure 1b.
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Figure 1. (a) Schematic representation of the fabricated interdigital transducers (IDT) marked with all
the dimensions and, (b) Experimental setup of the fabricated IDT is a temperature-controlled chamber
for excitation and detection of S surface acoustic waves (SAWs) and longitudinal waves.

2.2. Defect Detection Using Surface Acoustic Waves

The surface acoustic waves were excited using the IDT, which was fabricated as a SAW sensor on
a Y cut LiNbO3 single crystal. Figure 2, shows the experimental set-up for the excitation and defect
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detection using IDT. The size of the single electrode was 100 µm in width and 4000 µm in length.
The employed resonating frequency of the IDT sensor was 5 MHz and also demonstrated in the next
section. The distance between transmitting and receiving IDT sensor was 5 mm and also shown in the
Figure 1. The applied voltage across the electrodes produces an electrical field due to the accumulation
of charges which alternate in polarity between neighboring electrodes.
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Figure 2. A schematic representation of the IDT experiments for damage detection in Lithium Niobate
(LiNbO3) crystal.

The excitation of compression and expansion movement of phonons perpendicular to the
electrodes leads to excitation of surface acoustic waves, also known as Rayleigh waves. The employed
arbitrary function generator (AFG) has the capability to generate a linear chirp signal 10 Hz to 25 MHz
at the voltage of ±5 volts. A chirp signal was excited using a universal serial bus (USB) driven
by the AFG (Handyscope HS3, Tiepie Engineering, The Netherlands). The AFG could generate
240 MS/s, 14-bit, 128 k sample arbitrary signal which could be digitized at a sampling rate of 500 MS/s.
The data acquisition was performed using a mixed domain oscilloscope (MDO 3024, Tektronix, Oregon,
USA). The data acquisition system has four analog channels with 200 MHz analog bandwidth with
a maximum sampling rate of 2.5 GS/s. The record length of the data acquisition system (DAQ) is
10 million points. The entire experiment was carried out in a temperature-controlled chamber and
kept over an expanded polystyrene (EPS) foam so that it can suppress low-frequency vibrations and
minimize error due to temperature fluctuations. Figure 3a shows the schematic representation of the
data acquisition system of the experiments. Figure 3b shows the experimental setup for conducting
excitation and detection of SAW’s and longitudinal waves in the LiNbO3 crystal.
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Figure 3. (a) Schematic representation for generation of SAWs and longitudinal waves using IDT
sensors and (b) experimental setup for conducting excitation and detection of SAWs using IDT sensor
in LiNbO3 crystal.

SAW’s have been excited and detected on the reference sample and transient signal was recorded
via a transient recorder. Next, a calibrated defect/flaw was created on the surface of the IDT using
a high-speed diamond drill of radius 250 µm and 0.2 µm deep, considerable representation of a
micro-scale defect in the piezoelectric crystal. The microscale damage of depth 0.2 µm is considered as
the precursor to damage. Each experiment of excitation and detection of the ultrasonic wave using
IDT was repeated for five times to ensure repeatability. The surface defect/flaw was characterized and
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imaged by scanning acoustic microscopy (SAM). In the next section, the working principle of SAM has
already been described somewhere else [28].

3. Mathematical Derivation

3.1. Nonlocal Kernel and Operator

In this study, we utilize the change in characteristics of surface acoustic wave propagation in the
piezoelectric crystal, namely the time of flight (TOF) and its spectral signature, to quantify the precursor
to damage. Damage initiation and crack evolution in the material is a multi-scale phenomenon.
Interaction of the ultrasonic wave with the micro-crack helps in the detection and quantification of
the precursor to damage in the material. The damage diagnosis and prognosis in the piezoelectric
ceramics rely on the information of angular dispersion relationship, that is, directional changes in
quasi-longitudinal and quasi-shear wave velocity profile. Any perturbation in the directional wave
velocity is an important aspect that indicates the “incubation of damage” at the intrinsic length
scale. Here, we can now relate the perturbation in wave velocity with the microscale damages/flaws.
The study incorporates the nonlocal elastic theory in the framework of micro continuum mechanics
and derives the relationship between angular dispersion and nonlocal parameters via Christoffel’s
solution [37]. Auld, and Royer and Dieulesaint have explained the mathematical framework of the
development of the wave dispersion relationship and angular dispersion [37,38]. The study is efficient
in predicting the nonlocal parameter by satisfying the boundary conditions in the first Brillouin
zone. Eigenvectors and Eigenvalues from the solution of Christoffel’s equation will be useful to
understand the behavioral changes in the solution due to the incorporation of nonlocal parameters [11].
In this work, our aim is to evaluate the change in TOF of the SAW’s in piezoelectric ceramics to
quantify the precursor to damage. There are two scenarios to utilize the formulation proposed in
nonlocal Christoffel’s solution for quantification of the damage precursor. In the first case, if ab
initio dynamics studies are performed on the damaged state of the material and prior information
of nonlocal parameters is available then the perturbed velocity profile can be calculated from the
nonlocal Christoffel’s solution. In the second case, a dispersion curve is plotted for the varied nonlocal
parameters using non-local field theory. The experimental wave velocity and the central frequency are
overlaid on the dispersion plots to evaluate suitable nonlocal parameters. The nonlocal parameters
will provide a parametric understanding of internal damage occurring even before the crack nucleates.
The nonlocal parameter can be used in elegant prognostic theories to predict crack nucleation based on
the present damaged state at the intrinsic length scale. The above concept is mathematically formulated
and key aspects are discussed below. Patra and Banerjee have employed the similar theoretical model
to quantify the precursor to damage in woven carbon composite structure damage under influence of
high cycle fatigue loading [39].

Let us assume a position vector of a point in the direct lattice
→
r = α1

→
l 1 + α2

→
l 2 + α3

→
l 3 where,

→
l 1,
→
l 2 and

→
l 3 are the basis vectors of the lattice [40]. The wave potential of a wave propagating

through the lattice can be observed only at the lattice points
→
r , and the potential can be written as

φ = Ae{i(k1α1+k2α2+k3α3)}. The function ϕ is periodic in
→
k = k1

→
m1 + k2

→
m2 + k3

→
m3, where

→
k is the wave

vector in reciprocal lattice and
→
m1,

→
m2,

→
m3 are the basis vectors in reciprocal lattice system. There is

an explicit relation between lattice vectors in reciprocal and direct lattices (
→
l i•
→
mk) = δik, where, δik is

the Kronecker (δ) symbol. Hence, the similar potential is true for a wave vector
→
k′ =

→
k +

→
g , where

→
g

is a translation vector (
→
g = ξ1

→
m1 + ξ2

→
m2 + ξ3

→
m3) in reciprocal lattice system. There is a specific

periodic relationship between the frequency (ω) and
→
k to enforce the lattice scale relationships [40].

This relationship must satisfy the boundary conditions at the boundaries of the Brillouin zones [40],
specifically at the boundaries of the first Brillouin zone. The functional relationship presented by



Appl. Sci. 2018, 8, 1683 6 of 19

Born-Von Kármán from the lattice dynamics study can be further approximated [41]. The approximated
atomic dispersion relation can be written as

ωi(
→
k )

ci

√
(k2

1 + k2
2 + k2

3)
=

1{
1 + e02`2(k2

1 + k2
2 + k2

3)
} (1)

where, i is indicate waves modes (show, fast shear and longitudinal), ε ls = e0` is the intrinsic length
scale factor, and ` is intrinsic length scale such as lattice dimension, granular distance and so on [41].
The operator L can be written as

L = (1− ε2
ls∇

2) (2)

where, ∇2 is a Laplace operator in three dimensions. The suitable Kernel function can be written
as [42]

κ(|y− x|) = 1
4π

1
c2

p − c2
s

1
|(y− x)|

{
exp

(
−|(y− x)|/cp

)
− exp(−|(y− x)|/cs)

}
(3)

where, c2
p = (e0`)

2

2
Lazar et al. recommended the use of bi-Helmholtz type operator to circumvent the problem of

satisfying the boundary condition [42]. According to Lazar et al. [42], the atomic dispersion relation
can be written as

ωi(
→
k )

ci

√
(k2

1 + k2
2 + k2

3)
=

1{
1 + e02`2(k2

1 + k2
2 + k2

3) + f04`4(k2
1 + k2

2 + k2
3)

2
} (4)

where, f0` is the higher order intrinsic length scale factor. The operator which can explicitly catch the
dispersion equation at intrinsic length scale has been derived by several researchers [41,43,44] and
adopted in the present study. The suitable operator L can be written as

L = (1− e0
2`2∇2) (5)

where, ∇2 is a Laplace operator in three dimensions. The Kernel function can be written as [42]

κ(|y− x|) = 1
4π

1
c2

p − c2
s

1
|(y− x)|

{
exp

(
−|(y− x)|/cp

)
− exp(−|(y− x)|/cs)

}
(6)

where, c2
p,s =

(e0`)
2

2

(
1±

√
1− 4 ( f0`)

4

(e0`)
4

)
3.2. Nonlocal Continuum Theory: Acoustic Waves in Piezoelectric Media

In this section, we derive the angular dispersion relationship of ultrasonic wave propagation in
the piezoelectric crystal by incorporating a nonlocal elastic kernel function in Christoffel’s solution.
Einstein index notations have been used throughout this paper with indices taking values 1, 2 and
3. Let us consider a body Ω with boundary Γ. At any point y in Ω, the constitutive relationship is
written as

σij = CE
ijlmSlm − epijrEr (7)

Dr = epijrSij + εS
rlEl (8)

σ denotes the elastic stress tensor, S as elastic strain tensor, the electric field
→
E r,

→
Dr the electric

displacement, CE the elastic modulus tensor at constant electric field, ep the piezoelectric stress tensor,
and εS the permittivity tensor at constant strain.
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Equation (7) represents the experimental stress strain behavior developed in the anisotropic crystal
depending on the constraints imposed in the electric field. Equation (8) shows that the resultant stress
tensor depends on whether the electric field is allowed to develop in the crystal, if strain S is applied.
The piezoelectric effect in the sensor depends on the crystal symmetry. The displacement of microscopic
charge in crystal lattice results in the generation of electric displacement in the piezo-electric crystal.
The equations of motion can be written as [38].

ρ
..
ui(x, t)δil =

∂σij

∂xj
(9)

According to the nonlocal elasticity, the stress at a point of interest x(xn) can be written as

tij(x) =
∫
Ω

Cijkl(y)κ(|y− x|)Skl(y)dΩ (10)

where, κ(|y− x|) is a nonlocal kernel or nonlocal modulus. Various researchers investigated the
suitable use of the nonlocal kernel for specific problem formulation. A list of different types of kernels
is presented in the literature [41]. A functional form of nonlocal elasticity kernel is presented by
Picu [44] and the potential is developed from a molecular dynamic study. From these past studies,
it is concluded that the kernel function can also be considered as the probability density function.
The nonlocal kernels have a few specific properties [41]. The integro-differential equation of motion at
x can be written as ∫

Ω

∂

∂xj

(
Sij(y)κ(|y− x|)

)
dΩ(y) + Fi(x) = ρ(x)

..
ukδik (11)

The above equation can be manipulated in a different way by operating it with the operator L.
Thus Equation (11) can be written as

Cijkl

∫
Ω

Lκ(|y− x|)Skl,j(y)dΩ(y) + LFi(x) = L
(
ρ(x)

..
uk
)
δik (12)

Cijkl

∫
Ω

δ(|y− x|)Skl,j(y)dΩ(y) + LFi(x) = L
(
ρ(x)

..
uk
)
δik (13)

CijklSkl,j(x)− L
(
ρ(x)

..
uk
)
δik = −LFi(x) (14)

The equation of motion for vibration in anisotropic piezoelectric solid is given as (the dummy
index are interchanged, without loss of generality)

ρL(
..
ui )δil = CE

ijml
∂2ul

∂xj∂xm
− epijr

∂Er

∂xj
(15)

The operator L is given as L = 1− ε2
sl∇

2; εsl = eol is the intrinsic length scale factor.

We are assuming the plane-wave solution in the form
→
u = uoei(ωt−

→
k ·→x ) for displacement and

φ = φ0ei(ωt−
→
k ·→x ) for scalar electric potential.

The electric field becomes

El = (−∇φ)l = iklφ0ei(ωt−
→
k ·→x ) (16)

that is
→
E
∣∣∣∣∣∣∣∣→k . From the absence of free charges, the differential of Equation (8) yields:
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∂Dr

∂xr
= epijr

∂Sij

∂xr
+ εS

rl
∂El
∂xr

= epijr
∂2ui

∂xr∂xj
+ εS

rl
∂El
∂xr

= 0 (17)

and, hence the amplitude of scalar potential function is obtained as

φ0 =
epijrk jkrUi

εS
pqkpkq

(18)

Assuming the plane waves solution, the equation of motion (recall Equation (15)) is simplified
as below

ρ(1− ε2
ls∇

2)
..
ui δil = CE

ijml
∂2ul

∂xj∂xm
− epijr

∂Er

∂xj
(19)

ρω2(1− ε2
ls∇

2)uiδil = CE
ijmlk jkmul + k jkm

epijrkreplmsks(
εS

pqkpkq
) ul (20)

ρω2
(

1 + ε2
ls

∣∣∣k2
∣∣∣)uiδil = CE

ijlmk jkmul + k jkm
epijrkreplmsks(

εS
pqkpkq

) ul (21)

The non-trivial solution from Equation (21) is given as

CE
ijlmk jkm + k jkm

epijrkreplmsks(
εS

pqkpkq
) − ρω2

(
1 + ε2

ls

∣∣∣k2
∣∣∣)δil = 0 (22)

After dividing by ρω2 and introducing the Cartesian components nl of the unit vector in the
direction of k this leads to the modified Christoffel equation given in Equation (23)∣∣k2

∣∣
ρω2

[
CE

ijlm +
epijrnreplmsns(

εS
pqnpnq

) ]
njnm −

(
1 + ε2

ls

∣∣∣k2
∣∣∣)δil = 0 (23)

In Equation (23), the square brackets indicate the constitutive matrix considering mechanical
and piezoelectric stiffness. In the absence of piezo-electric constants, the equation reduces to the
classic Christoffel equation. The right-side term of the square bracket in Equation (23), indicates the
piezo-electrically stiffened elastic constants. The stiffened piezo-electric constants are the function of
both material properties and direction of propagation.

Let, Γil =
1

ρω2

[
CE

ijlm +
epijrnreplmsns

(εS
pqnpnq)

]
njnm and

∣∣k2
∣∣ = (k2

1 + k2
2 + k2

3)

The eigen values analysis of the biharmonic modified Christoffel equation gives∣∣∣∣Γil − δil

(
1
k2 + ε2

ls

)∣∣∣∣ = 0 (24)

The Equation (24) can be written in matrix form as below

 Γ11 − ε2
ls Γ12 Γ13

Γ21 Γ22 − ε2
ls Γ23

Γ31 Γ32 Γ33 − ε2
ls

−


1
|k|2

0 0

0 1
|k|2

0

0 0 1
|k|2

 = 0 (25)

Finally, Eigen value solution is performed on the following nonlocal Christoffel’s equation[(
Γij − ε2

lsδij

)
− 1

|k|2
δij

]
= 0 (26)
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The solution yields solutions for three propagating modes: quasi-longitudinal, fast transversal
and slow transversal waves.

The main outcome of the theoretical model is the generation of directional group wave velocity
in LiNbO3 for slow and fast transverse wave velocity considering piezo-electric stiffening. Also,
we develop directional group wave velocity for longitudinal wave velocity considering piezo stiffening.
The crucial aspect of the theoretical model is an accurate generation of the dispersion relationship of
the quasi-slow transversal and quasi-longitudinal wave mode resulting from intrinsic length scale
varying from zero to unity. These developed dispersion curves will act as a calibrating chart on which
the experimental results will be overlaid to quantify the nonlocal parameters representing a precursor
to damage.

4. Analysis of Experimental Results

The surface acoustic and longitudinal waves were excited and detected using the IDT.
Fall et al. [45] have studied the generation of broadband SAWs using spatial and temporal chirp
method. They argued that the impulse excitation (Dirac delta pulse) produce limited SAWs output
amplitude due to piezo-electric breakdown voltage. Fall et al. excited the IDT using temporal chirp
excitation corresponding to the frequency and duration of the spatial chirp configuration [45]. In that
work, they implemented the chirp excitation methods for a wide range from 20 MHz–125 MHz.
The excitation of IDT with chirp provides a rapid, accurate estimation of phase velocity and helps in
material characterization.

For high frequency (>100 MHz) applications, the IDT is designed for the specific center frequency.
At high frequencies, the losses due to attenuation and scattering along the comb of IDT are larger.
In high frequency and broadband chirp excitation the IDT will distribute the energy throughout
the frequency spectra, resulting in greater energy losses. The resonating frequency ( fo) response of
the simple transducer with N pair of fingers is deduced from the impulse response. A frequency
domain response of the impulse excitation has a broadband spectrum. A pulse is usually applied to
the electrode having a short duration compared to the time associated with the Rayleigh waves to
pass between two finger length [39]. As the electric field is reversed at each interval between figures,
the transmitted signal has a spatial period of 2d. The time duration of response is Θ = 2dN

VR
= N

f0
.

On the other hand, at low frequency (<10 MHz) application, the resonating frequency is commonly
determined using broadband chirp excitation rather than the impulse response.

The low resonant frequency IDT was fabricated for excitation and detection of the guided wave
for detection of aberration, abnormality and surface cracks. For nondestructive evaluation applications,
the resonating frequency of IDT rarely exceeds 20 MHz. In order to determine the resonating frequency
of the referenced sensor, the IDT was excited using chirp signals and we evaluated its frequency
response. A linear chirp used for excitation of ultrasonic wave is given by x(t) = A sin(2π f t) of
sinusoidal frequency, f . Considering that the active length of IDT is 4 mm, the temporal signal
duration (Tc) is 1.12 µs. The instantaneous frequency is calculated as f =

(
fc − ∆ f

2

)
+ ∆ f

2Tc
t. Here fc is

the average frequency and ∆ f is the difference of lower and upper limit of frequency spectrum
as obtained from chirp excitation. Initially, the chirp excitation frequency was 10 Hz–20 MHz.
Based on the Fourier spectra, it was observed that the dominant mode exists in the frequency range
of 4 MHz–7 MHz. Therefore, in the damage state, the frequency of excitation was narrowed down
between 1 MHz–10 MHz. The range of excitation frequency was quite large, to account for dispersion
and scattering of the wave due to surface cracks. The IDT was excited using linear chirp and the
received transient signal of the SAW for the reference sensor is shown in Figure 4a. The signal is
normalized to unity using the maximum amplitude of 125 millivolts of the reference state. Similarly,
the transient signal for the defective sensors excited using linear chirp signal is shown in Figure 4b.
There is a dramatic change in normalized amplitude of the signal from 1 to 0.2 (arbitrary units)
corresponding to reference state and damage state, respectively. In Figures 4 and 5, the shaded section
indicates the window used for evaluating the Fourier transform of the first arrival wave packet.
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Figure 4. The transient signal of the ultrasonic wave (a) in reference and (b) damaged sensors excited
using chirp signal. The shaded section indicates the selected window of the first arrival wave packet.

Figure 5 shows the frequency spectrum of the first arrival wave packet for the reference and
damaged sensor. For the reference sensors (black), the significant spectral peak was observed at
5.8 MHz (refer to Figure 5). For the damaged sample, the peak central frequency (grey) is at 5.1 MHz.
The chirp signal helps in exciting the natural frequency of health as well as crack sensors, irrespective
of the IDT design.Appl. Sci. 2018, 8, x FOR PEER REVIEW  11 of 20 
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Figure 5. The frequency spectrum of guided wave in reference and damaged sensors using chirp excitation.

We observed that the resonating frequency of the damage sensors shifts towards the left with
respect to the reference sensors. The wavelength of the guided wave is in close proximity to the
thickness of the piezoelectric sensor. During the propagation, the wave interacts with the thickness and
the energy content of the elastic wave is dispersed throughout the thickness and length of the media.
The energy of the guided waves is scattered, in the presence of the surface anomalies such as crack,
inter-laminar debonding, and delamination. The scattering phenomena are complex to understand
in the absence of full wave-field imaging. The scattering further influences the dispersion of elastic
waves, which is evident in the frequency domain of the signal (Figure 5). Based on the experimental
results it is evident that there exists a damage (preferably on the surface) which is manifested through
the difference in TOF and the shift in the frequency spectrum acquired through IDT.

Figure 6 shows the time domain signal for the reference and damage state acquired using SAM at
100 MHz. The time domain signal in the reference state (Figure 6a) is normalized to the unit using
the peak reference voltage of 220 millivolts. Similarly, the time domain signal in the damage state
(Figure 6b) is normalized with respect to peak amplitude in the reference state. Figure 6a,b show
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three distinct arrival peaks due to excitation of longitudinal waves in the Y cut LiNbO3. The first
and second arrival peak corresponds to the reflection of longitudinal waves from the top and bottom
surface of the crystal. The third arrival peak is the surface reflection of longitudinal waves from the
printed circuit board (PCB). It is observed that the peak amplitude is dramatically reduced from unity
to half, corresponding to reference state to damage state, respectively. Reduction in the amplitude
of the reflected signal is due to the surface damage. The longitudinal waves are dispersed due to
surface detection, as visible from the time domain signal (Figures 6b and 7b). To accurately quantify
the frequency content of reference and damage state, we performed a Fourier transform on Figure 6a,b.Appl. Sci. 2018, 8, x FOR PEER REVIEW  12 of 20 
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Figure 6. The transient signal of the longitudinal wave (a) in reference and (b) damaged sensors excited
using scanning acoustic microscopy at 100 MHz.

The normalized frequency domain signal in the reference state shows two distinct peak amplitudes
at 107 MHz and 113 MHz at a unit amplitude and 0.88 (arbitrary units) amplitude, respectively
(Figure 7a). Due to damage, the energy of the signal is dispersed, scattered, and attenuated, resulting in
a reduction of peak amplitude to 0.38. For the damage signal, the mode one peak amplitude is reduced
to 0.22 at a frequency of 103 MHz and mode two peak amplitude is reduced to 0.38 at a frequency of
109 MHz, respectively.
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Figure 7. The frequency spectrum of the longitudinal wave (a) in reference and (b) damaged sensors
excited using scanning acoustic microscopy at 100 MHz.

In conventional methods, these observational changes in frequencies have been identified as a
measure of damage. However, the consistent and reliable quantification of damage is rather difficult.
Several experimental investigations have been conducted to explore the utility of guided waves
for crack detection. The pitch-catch active sensing method has been employed for crack detection
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in aerospace structures using guided ultrasonic waves [46]. Shelke et al., 2011, have studied the
metamorphosis of the bulk wave to guided waves and its interaction with surface defects [34].
The scattering of the guided waves due to cracks, defects and surface anomalies has been studied
using a scanning laser vibrometer. The wave field imaging provides dispersion and scattering behavior
of ultrasonic waves in the spatial-temporal and wave-number-frequency domain [47,48]. The above
techniques are based on the complete wave field imaging, which provides detailed information
regarding propagation of guided wave in anisotropic solids. However, little literature is available
on guided wave propagation in anisotropic piezoelectric crystals. Also, the above technique is
computationally expensive and time-consuming. The particle utility of the wave field imaging
technique is limited in the laboratory environment. There is no systematic understanding and
quantification process that relates this signal to the material physics. It is imperative that the
quantification of the magnitude of damage could not be determined alone from the experimental
results by tracking changes in amplitude and shift in frequency of the signal.

Therefore, we formulated a non-local elastic wave propagation theory to relate the changes in
the nonlocal material physics and quantify them reliably and consistently. We formulate nonlocal
parameters, which are indicative of micro-scale aberration on surface and subsurface defects in the
piezoelectric crystal.

5. Results and Discussions

In this section, we combine the understanding from Sections 2–4. Directional group velocities are
calculated for Lithium Niobate piezoelectric crystal considering piezoelectric stiffening using Equation
(26) [37]. The constitutive material properties of LiNbO3 is given in Table 1 (Kushibiki et al., 1999) [49].

Figures 8a, 9a and 10a show directional slow transversal, fast transversal and longitudinal
group wave velocity for LiNbO3 without piezo stiffening. Similarly,Figures 8b, 9b and 10b show
directional slow transversal, fast transversal and longitudinal group wave velocity for LiNbO3 with
piezo stiffening. The angular dispersions shown in Figures 8–10 are calculated for a nominal elastic and
piezoelectric properties at zero intrinsic length scale parameter ε ls = 0 and referred to as undamaged
or reference state. At zero-degree orientation of wave propagation, the group wave velocity for a slow
transversal wave in non-piezo stiffened and piezo stiffened materials are 3571 m/s and 3592 m/s,
respectively. However, for longitudinal waves, the computed group velocities are 7696 m/s and
7873 m/s in non-piezo and piezo stiffened materials. We assume that any changes in the group wave
velocity of the transversal wave mode are due to the surface damage, which is the manifestation of the
perturbation in elastic material constants alone but independent of piezoelectric constants. The same
cannot be argued for the longitudinal wave velocity, as piezo stiffening plays a significant role in
governing the group wave velocity. Therefore, any alteration in group wave velocity of the longitudinal
wave is due to a combined effect from the degradation of mechanical and piezoelectric constants.

Table 1. Acoustic physical constant of LiNbO3 of single crystal.

Elastic Constant (×1011 N/m2) Piezoelectric Constant (C/m2)

CE
11 1.9886 C15 3.655

CE
12 0.5467 C22 2.407

CE
13 0.6799 C31 0.328

CE
14 0.0783 C33 1.894

CE
33 2.3418 Dielectric constant

CE
44 0.5985 εS

11/εO 44.9
CE

66 0.7209 εS
33/εO 26.7
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Appl. Sci. 2018, 8, x FOR PEER REVIEW  14 of 20 

 
Figure 8. Directional group wave velocity in LiNbO3 for slow transverse wave velocity (a) without 
piezo stiffening (b) with piezo stiffening mode. 

 
Figure 9. The directional group wave velocity plot in LiNbO3 for fast transverse wave velocity (a) 
without piezo stiffening (b) with piezo stiffening mode. 

 
Figure 10. The directional group wave velocity plot in LiNbO3for longitudinal wave velocity (a) 
without piezo stiffening (b) with piezo stiffening mode. 

In order to quantify the relative magnitude of the damage on the sample, dispersion relationship 
(group velocity vs frequency) are plotted for LiNbO3 for non-piezo and piezoelectric stiffened (refer 
Section 2) specimens. Figures 11 and 12 represent the dispersion relation of the LiNbO3 considering 
intrinsic length scale nonlocal parameter  ranging from 0 to 1, where  = 0 is an undamaged 

state and  = 1 is relative complete damage state. Figures 11a,b and 12a,b show the dispersion 

lsε lsε

lsε

Figure 9. The directional group wave velocity plot in LiNbO3 for fast transverse wave velocity
(a) without piezo stiffening (b) with piezo stiffening mode.
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Figure 10. The directional group wave velocity plot in LiNbO3 for longitudinal wave velocity
(a) without piezo stiffening (b) with piezo stiffening mode.

In order to quantify the relative magnitude of the damage on the sample, dispersion relationship
(group velocity vs frequency) are plotted for LiNbO3 for non-piezo and piezoelectric stiffened
(refer Section 2) specimens. Figures 11 and 12 represent the dispersion relation of the LiNbO3

considering intrinsic length scale nonlocal parameter ε ls ranging from 0 to 1, where ε ls = 0 is an
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undamaged state and ε ls = 1 is relative complete damage state. Figure 11a,b and Figure 12a,b
show the dispersion relationship considering piezo and non-piezo stiffening for slow transversal
and longitudinal waves velocity, respectively. The dispersion relationship shows lowering in group
velocity with an increase in frequency for the given wave mode. Also, the group wave velocity
decreases with an increase in nonlocal parameter magnitude. It is observed that the surface and
subsurface defects will cause scattering, reflection, and attenuation of guided waves leading to change
in time of flight (TOF).
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6. A Damage Quantification Based on SAW

The changes in time of flight of the SAW due to perturbation in surface material properties were
determined using cross-correlation technique. Shelke et al. have shown that such small differences
in TOF (>10 ns) can be obtained using cross-correlation where the sampling rate of the signal is
significantly high [50]. Referring to the experimental results (Section 4), the TOF of the first arrival
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is determined using the cross-correlation technique applied to the time history obtained from the
undamaged and damaged sample. The cross-correlation technique was employed to determine the
first arrival of the time of flight. The excitation signal was selected as the reference signal. The reference
signal was cross-correlated with the first arrival time of the flight signal. We correlated the leading
edge of the reference signal with the leading wave packet of the received signal. The maximum
cross-correlation of the reference signal with the received signal demarks first arrival TOF. Therefore,
the dispersive nature of the guided wave is not considered during the determination of the first arrival.
The active time duration of excitation was 1.12 µs and the total duration of the received signal is 30 µs.
Therefore, sufficient time difference was presence for avoiding the interaction of input chirp wave
with the total duration of flight of the guided wave. Our intention was to determine the first arrival
of time of flight of guided waves and thus the time of the flight of the multimodal signal are not
considered in the analysis. Based on the cross-correlation technique, the difference in the SAWs first
arrival in TOF of the damaged and undamaged sample was determined to be 47 ns (refer Figure 5a,b).
Such small differences in TOF can only be obtained if the sampling rate of the signal is significantly
high. The group velocity of the SAW wave mode in the undamaged specimen is 3571 m/s and in
the damaged specimen is 3455 m/s. We assume that the path length between the transmitting and
receiving IDT was not changed in the presence of microcrack of depth 0.2 micron. The microscale
damage in the path of SAW causes scattering and attenuation of waves. The surface micro defect
influences the time of flight of SAW and caused internal multiple reflections. It is usually difficult to
quantify the multiple paths of scattering and reflection of SAW in presence of defects. Shelke et al.
have demonstrated that the changes in time of flight (TOF) are attributed to the scattering, reflection,
and attenuation of guided waves in the presence of surface and subsurface defects [11].

Based on the changes in TOF, we concluded that the surface damage exists on the sample. It can be
seen in Figure 7 that the central frequency for undamaged and damage state is 5.8 MHz and 5.1 MHz
respectively. Due to changes in TOF, the speed of transversal wave velocity in reference state and
damage state is 3571 m/s and 3455 m/s, respectively. In Figure 11, a point “A” is marked having
abscissa and ordinate as 5.8 MHz and 3571 m/s respectively. The point “A” overlay on the nonlocal
line has the nonlocal damage parameter as 0.1. Similarly, in the Figure 11, a point “B” is marked
having an abscissa and ordinate as 5.1 MHz and 3455 m/s. Point “B” lies on the nonlocal damage
parameter line of 0.7. Therefore, the difference of the two nonlocal intrinsic length scale parameters is
∆ε = 0.6. This concept of change in frequency and velocity of transversal wave is used to quantify the
nonlocal intrinsic length scale parameter. The value of the intrinsic parameter indicates the magnitude
of damage in the sensors that indicate the precursor to damage.

Damage Quantification Based on Longitudinal Waves

From numerical results, the speed of sound in non-piezo stiffened and piezo stiffened specimens
were determined to be 7696 m/s and 7873 m/s, respectively. Referring to Figure 6a, the experimental
speed of the longitudinal wave in reference state was determined to be 7692 m/s. Similarly,
the experimental speed of the longitudinal wave in damage state was determined to be 6666 m/s.
The normalized frequency domain signal in the reference state shows a distinct peak amplitude at
107 MHz at unit amplitude (Figure 7a). For the damaged state, the peak amplitude is reduced to 0.38
and the frequency is shifted to 109 MHz.

A similar procedure is adapted to quantify the nonlocal intrinsic length scale parameter using
longitudinal waves. Due to changes in TOF, the speed of longitudinal wave velocity in reference
state and damage state is 7692 m/s and 6666 m/s, respectively. In Figure 12, a point “A” is marked
having abscissa and ordinate as 107 MHz and 7692 m/s respectively. The point “A” overlay on the
nonlocal line has a nonlocal damage parameter of 0.4. Similarly, in Figure 12, a point “B” is marked
having an abscissa and ordinate as 109 MHz and 6666 m/s. The point “B” lies on the nonlocal damage
parameter line between 0.9 and 1.0. The nonlocal line index was interpolated and the has an index of
0.96. The final value of nonlocal intrinsic length scale parameter is ∆ε = 0.56.
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The results are summarized in Table 2 showing numerical and experimental speed of sound for
piezo and non-piezo stiffening. The Table 2 also summarized information of shift in frequency content
for reference state and damage state which are used to quantify the nonlocal damage parameter.

Table 2. Summary of the numerical and experimental results.

Waves Type and State
Experimental Theory Nonlocal Parameter

Frequency
(MHz)

Velocity
(m/s)

Non Piezo
Stiffened (m/s) Piezo-Stiffened (m/s) Piezo-Stiffened Non Piezo-Stiffened

Longitudinal Reference 107 7692 ± 4
7696 7873 0.6 0.8Damage 109 6666 ± 10

Transversal
Reference 5.8 3571 ± 8

3564 3592 0.6 0.6Damage 5.1 3455 ± 12

7. Conclusions

The outcome of this study is the quantification of precursors to damage using hybrid nonlocal
micro-continuum mechanics in the piezoelectric anisotropic sensors. The incubation of damage at
the micro scale acts as a precursor to the macro-scale effect, which is an indicator for prognosis of the
damage. In this study, a micro-scale surface crack of 0.2 µm depth is quantified using the proposed
formulation. An intrinsic length scale parameter obtained from nonlocal micro-continuum mechanics
is evaluated and used as an indicator of precursors to damage. The experimental investigations were
performed to detect damage in a LiNbO3 crystal using IDT sensors and scanning acoustic microscopy.
The manifestation of surface flaws upon characteristic changes in SAWs and longitudinal bulk wave
propagations were investigated for damage detection. The changes in TOF and frequency content of the
surface acoustic waves and bulk waves are studied for the detection and quantification of the damage.
In order to quantify the manifestation of surface defects on the waves characteristic, the explicit
expressions of the wave dispersion in anisotropic piezoelectric sensors are derived. The dispersion
relationship for the anisotropic solid is derived using Christoffel equations, which incorporate the
effect of intrinsic length scale parameters at micro scale.

Based on the nonlocal elastic kernel theory, angular dispersion relationships are plotted for
longitudinal, fast and slow transversal wave velocities considering the piezo stiffening in piezoelectric
crystal. The study evaluates experimental changes in speed of sound and frequency shift of SAWs
and longitudinal waves and is overlaid on theoretical dispersion curves. The reference state of the
piezoelectric sensors is considered to have intrinsic length scale parameter e = 0. The damage initiation
and evolution in sensors is quantified using the nonlocal parameter with respect to the reference state.
All of the results presented in this study are summarized in Table 1. The speed of the longitudinal and
transversal waves in the reference state (e = 0) is evaluated as 7692 m/s and 3571 m/s, respectively.
Due to the presence of the micro-crack on the surface of the LiNbO3 crystal, the speed of longitudinal
and transversal waves is determined as 6666 m/s and 3455 m/s, respectively. Instead of determining
the exact depth of the micro-crack, we envisage quantifying the magnitude of severity of the damage
using the nonlocal damage parameter. The influence of the severity of damage on longitudinal waves
is quantified using nonlocal parameter ∆ε

piezo
ls = 0.6. Similarly, the nonlocal parameter of ∆ε

piezo
ls = 0.6

was quantified depicting the influence of damage on transversal wave propagation. The relative
change in magnitude of nonlocal parameter reflects the manifestation of severity of damage.
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Glossary

δik Kronecker delta
k Wave vector
→
g Translation vector
l1,2,3 Basis vector of the lattice
m1,2,3 Basis vector in reciprocal lattice
l Intrinsic length Scale
Ci Wave velocity
∇2 Laplace operator
∅0 Scalar potential function
ω Frequency
i Wave modes
f0l Higher order intrinsic length scale factor
CE Elastic modulus tensor
Dr Dielectric displacement
σ Elastic stress tensor
S Elastic strain tensor
ep Piezoelectric stress tensor
εs Permitivity tensor
→
u Displacement
Cijkl(y) Constitutive matrix
k(|y − x|) Nonlocal kernel modulus
f0 Resonating frequency
fc Average frequency
∇ f Difference of upper and lower limit of the frequency
ρ Density
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