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Recent advancements in sensors and information technologies have resulted
in new methods for structural health monitoring (SHM) of the performance
and deterioration of structures. The enabling element is the piezoelectric
wafer active sensor (PWAS). This paper presents an introduction to PWAS
transducers and their applications in Lamb wave-based SHM. We begin by
reviewing the fundamentals of piezoelectric intelligent materials. Then, the
mechanism of using PWAS transducers as Lamb wave transmitters and
receivers is presented. PWAS interact with the host structure through the
shear-lag model. Lamb wave mode tuning can be achieved by judicious com-
bination of PWAS dimensions, frequency value, and Lamb mode characteris-
tics. Finally, use of PWAS Lamb wave SHM for damage detection on plate-like
aluminum structures is addressed. Examples of using PWAS phased array
scanning, quantitative crack detection with array imaging, and quantitative

corrosion detection are given.

INTRODUCTION

Recent advancements in sensors and information
technologies have resulted in new methods for
structural health monitoring (SHM) of the perfor-
mance and deterioration of structures. SHM refers to
the procedure used to assess the condition of struc-
tures so that their performance can be monitored at
any time and damage can be detected at an early
stage, thus increasing the reliability, safety, and
efficiency of the structures. The process of SHM
typically involves monitoring of a structure over a
long period of time using permanently installed
sensors, data interpretation algorithms to extract
damage-related information from the sensory mea-
surements, and analysis of the damage extent in
order to determine the current state of the structure.

Current ultrasonic inspection is a time-consum-
ing operation that requires meticulous through-
thickness C-scans over large areas. One method to
increase the efficiency of plate-like structures is to
utilize Lamb waves (i.e., guided waves in plate-like
structures) instead of conventional pressure waves.
One attractive feature of Lamb waves for SHM
purpose is the creation of stresses across the entire
thickness of the plate, allowing for the interior as
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well as the exterior structures to be interrogated.
They also exhibit low attenuation over large dis-
tances, thereby allowing for large-area inspection
with minimum usage of sensors.

SHM requires the development of small, light-
weight, inexpensive, unobtrusive, minimally inva-
sive sensors to be embedded in the structures at
acceptable cost to perform on-demand structural
interrogation without the need for disassembly. Such
sensors should be able to scan the structure and
identify the presence of defects and incipient dam-
age. In recent years, piezoelectric wafer active sen-
sors (PWAS) permanently attached to the structure
have been used for Lamb wave generation and
detection during the SHM process. The purpose of a
PWAS transducer is to excite stress wave motion or
convert this motion into an electrical signal. PWAS
are piezoelectric sensors with elements made of pie-
zoelectric materials. PWAS are no more expensive
than conventional high-quality resistance strain
gages. However, PWAS performance far exceeds that
of conventional resistance strain gages, because they
can be used as active interrogators. PWAS can be
used in high-frequency applications at hundreds of
kHz and beyond. Use of PWAS for Lamb wave SHM
has been pursued by many researchers.'™

(Published online July 10, 2012)
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PIEZOELECTRIC INTELLIGENT
MATERIALS

Piezoelectric materials are intelligent materials
that couple the mechanical and electrical domains.
In 1880, Jacques and Pierre Currie found that,
when subject to a mechanical force, these materials
become electrically polarized. The converse of this
relationship also is true: they lengthen or shorten
when exposed to an electric field. These behaviors
are known as the piezoelectric effect and inverse
piezoelectric effect, respectively, from the Greek
word “piezein,” meaning to press or squeeze.®
Although these materials rarely contain iron, they
are often called ferroelectric materials because their
electrical behavior is analogous to the magnetic
behavior of ferromagnetic materials. Piezoelectric
materials have been adapted for an impressive
diversity of sensing and actuation applications.

Piezoelectric Materials

For many years, natural crystals such as quartz
and tourmaline were the exclusive source of piezo-
electric capabilities, and many types of products
were developed with these materials. In recent
decades, however, and especially since the mid-
1960s, manmade materials, piezoelectric ceramics
prepared from metallic oxides, have replaced natu-
ral materials in many applications. Piezoelectric
ceramics can be hundreds of times more sensitive to
electrical or mechanical input than natural mate-
rials, and the composition, shape, and dimensions of
the ceramic can be tailored to meet the require-
ments of a specific purpose.® Piezoelectric ceramics
are physically strong, chemically inert, and immune
to humidity or other atmospheric influences, and
they can be manufactured relatively inexpensively.
Piezoelectric ceramics have enabled designers to
employ the piezoelectric effect and the inverse effect
in many new applications.

To manufacture piezoelectric ceramics, fine pow-
ders of the component metal oxides are mixed in
specific proportions, and then heated to form a
uniform powder. The powder is mixed with an
organic binder and pressed, calendered, or molded

into desired shapes (disks, rods, plates, etc.).® The
ceramic shapes are fired according to a specific time
and temperature program, during which the powder
particles sinter and the material attains a dense,
crystalline structure. The shapes are then cooled
and further shaped or trimmed. If needed, elec-
trodes are applied to the appropriate surfaces.

Above the Curie point of the raw ceramic, each
perovskite crystal in each grain exhibits a simple
cubic symmetry with no dipole moment (Fig. 1a).
However, below the Curie point, each crystal
exhibits its tetragonal or rhombohedral symmetry
and its structure carries a dipole moment (Fig. 1b).
The dipole moments are oriented differently among
different crystal grains; that is to say, although each
grain carries a net dipole moment, the ceramic ele-
ment exhibits no overall polarization since the
dipole moments are randomly oriented in the crys-
tal grains in the ceramic (Fig. 1a). To attain polar-
ization in a raw ceramic, the material needs to be
poled or polarized.

The polarization is achieved by exposing the
ceramic to a strong direct-current (DC) electric field,
usually at a high temperature, slightly above the
Curie point. The combination of the electric field
and heating produces motion of the electronic
dipoles. The strong electric field makes the dipoles
reorient along the direction of the electric field
(Fig. 1b), while the heat allows the dipoles to rotate
freely, since the material is softer at higher tem-
perature. Then, the electric field is removed and the
material is quickly cooled down. Most of the dipoles
are locked into the aligned configuration, giving the
ceramic a permanent polarization (Fig. 1c). Note
that, during the polarization, the ceramic also
undergoes elongation along the direction of the
electric field and this deformation is retained after
the removal of the electric field. The permanent
deformation makes the ceramic anisotropic; i.e., its
properties differ according to the direction in which
they are measured.

Piezoelectric Principles

For linear piezoelectric materials, the interaction
between the electrical and mechanical variables can
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Fig. 1. Poling (polarization) of a piezoelectric ceramic: (a) raw piezoelectric ceramic, no overall polarization; (b) poling with applied external DC
electric field and increased temperature; (c) after poling, the ceramic is polarized and anisotropic.®
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be described by linear equations.* Linear constitu-
tive equations between mechanical and electric
variables, for direct and inverse piezoelectric effects,
take the following tensorial form”:

(Actuation) Sy = si3,Tw + dpiiEr, (1)
(Sensing) D; = diy, Ty + ¢4 Ep, (2)

where S;; and T,; are the strain and stress
(mechanical variables) and Ey and D; are the elec-
tric field and electric displacement (electrical vari-
ables). sZ is the mechanical compliance at zero
electric ﬁ]eld, and sﬂ are the dielectric constants at
zero mechanical stress. dp; and d;,; signify the
coupling between the electrical and mechanical
variables, i.e., the charge per unit stress and the
strain per unit electric field. Equation 1 is usually
referred to as the actuation equation and Eq. 2 as
the sensing equation. Usually the general three-
dimensional (3D) constitutive equations can be
simplified by considering symmetry associated with
elastic, electrical, and electromechanical properties
and written in Voigt notation.®

Since a piezoelectric ceramic is anisotropic, the
physical constants relate to both the direction of
the applied mechanical or electrical variables and to
the directions perpendicular to the applied vari-
ables. Consequently, each constant generally has
two subscripts that refer to the directions of the two
related quantities, as for stress and strain in elas-
ticity. The direction of positive polarization is usu-
ally aligned with direction 3 (or the Z-axis) of a
rectangular system. Shear directions are repre-
sented by the subscripts “4,” “5,” and “6.” Some
important and frequently used piezoelectric con-
stants can be found in detail in Ref. ©.

Common Operating Modes

The convention with piezoelectric materials is to
align direction 3 with the polarization of the mate-
rial; thus, directions 2 and 3 are in the plane of the
transducer. Usually the ceramic is made in wafer
shape, i.e., with the plane dimensions being much
larger than the thickness.

Thickness Mode (d3s Mode)

In the thickness mode, the d33 coupling effect is
used (Fig. 2). Conventionally, it is assumed that
only the stress and electric field along direction 3
are nonzero (T3, E3 # 0) and that only the strain and
electric displacement in direction 3 are of interest;
i.e., the constitutive equations of the d33 mode are

S = sET5 + d33Es, 3

*ANSI/IEEE standard 176-1987 on piezoelectricity.
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Fig. 3. In-plane mode.

D3 = d33Ts + &5 Es. (4)

The piezoelectric coupling d33 is used in this mode.
These relations can be expressed in terms of the force
(F), displacement (u3), voltage (V), and charge (q) as
well. Assuming uniform strain Ss, uniform stress 7',
and uniform electric field E3, and using the relation
between electric displacement Ds; and charge q
(g = DsA, where A is the ceramic area), we have

+d33V, (5)

q =dssF +CyV, (6)

with Cy = ¢J,A /¢t being the wafer’s capacitance. The
resulting current can be obtained by integrating the
charge g over time. Conventional ultrasonic trans-
ducers usually operate in d33 mode.

In-Plane Mode (ds; Mode)

In the in-plane mode, the d3; coupling effect is
used (Fig. 3). Conventionally, it is assumed that
only stress along direction 1 and electric field along
direction 3 are nonzero (T, Es # 0) and only strain
in direction 1 and electric displacement in direction
3 are of interest; i.e., the constitutive equations of
the d3; mode are

Sy = s¥Ty +di3Es, (7)

D3 =ds1 T + 8§3E3. (8)
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The piezoelectric coupling d3; is used in this mode.
These relations can be expressed in terms of force (F),
displacement (z1), voltage (V), and charge (q) as well.
Assuming uniform strain S;, uniform stress 7’1, and
uniform electric field E3, and using the relation be-
tween electric displacement D3 and charge q
(g = D3A, where A is the ceramic area), we have

LF dy3L

E 13

u1 33 t + t 9 ( )
L

7 =d3t1LF+833:) ' (10)

The resulting current can be obtained by inte-
grating the charge g over time. Piezoelectric wafer-
type transducers usually operate in d3; mode at low
frequency and in ds3 mode at very high frequency
(above MHz).

PIEZOELECTRIC WAFER ACTIVE SENSORS
AND LAMB WAVE SHM

For SHM applications, one way of using PWAS is as
embedded ultrasonic transducers, acting as both
Lamb wave exciters and detectors. PWAS couple
their in-plane motion with the particle motion of
Lamb waves on the material surface. The in-plane
PWAS motion is excited by the applied oscillatory
voltage through the d3; piezoelectric coupling. The
PWAS ultrasonic transducer operation is funda-
mentally different from that of conventional ultra-
sonic probes:

(1) PWAS achieve Lamb wave excitation and sens-
ing through surface “pinching” (in-plane
strains), while conventional ultrasonic probes
excite through surface “tapping” (normal stress);

(2) PWAS are strongly coupled with the structure and
follow the structural dynamics, while conven-
tional ultrasonic probes are relatively free from
the structure and follow their own dynamics;

(3) PWAS are nonresonant, wideband devices,
while conventional ultrasonic probes are nar-
row-band resonators.

As active sensors, PWAS interact directly with the
structure and find its state of health and reliability
through the use of ultrasonic Lamb waves. Similar
to conventional ultrasonic transducers, PWAS can
operate in pitch-catch, pulse-echo, or be wired into a
phased array to implement structural scanning.

PWAS Lamb Wave Excitation and Reception

Lamb waves can exist in two basic types: sym-
metric (designated as S0, S1, etc.) and antisym-
metric (designated as AO, Al, etc.). For each
propagation type, a number of modes exist, corre-
spondlng to solutions of the Rayleigh—Lamb equa-
tion.? Lamb waves are highly dispersive, and their

speed depends on the product of the frequency and
the plate thickness. Details of Lamb wave theory
can be found in many references.® 12

The excitation of Lamb waves by PWAS is studied
by considering the excitation applied by the PWAS
through a surface stress t = 7o(x)¢/** applied to the
upper surface of a plate in the form of shear-lag
adhesion stresses over the interval (—a, +a).
Applying a space-domain Fourier-transform analy-
sis of the basic Lamb wave equations yields the
strain wave and displacement wave solutions as'®

. . N, S i(Bx—o
o)y g =~ ;S‘n(fsahyzége(g )

: N, A i(Px—ot
+;sm(<§Aa)1%e (¢ ) ) (11)

Ng = EB(E% + %) cos(ad) cos(pd),
Dg= (&%~ /32)2c0s(ocd) sin(pd) + 4E%afsin(ad) cos(fd),
Na = EB(& + p?) sin(ad) sin(pd),
Dy= (&~ ﬁz)zsin(ocd) cos(fd) + 4E2ap cos(ad) sin(fd),

where & and ¢ are the zeros of Dg and Da,
respectively. We can note that these are the solu-
tions of the Rayleigh-Lamb equation. Raghavan
and Cesnik'* extended these results to the case of a
circular transducer coupled with circular-crested
Lamb waves and proposed the following corre-
sponding tuning prediction formulae based on Bes-
sel functions:

&r(r8)l,q =

Lr)t[ZJ (&5a) §SNSE§; 52)(ésr>

ZJl a) ANA& ;H?)(g‘*r)]. (12)

An important characteristic of PWAS, which dis-
tinguishes them from conventional ultrasonic trans-
ducers, is their capability of tuning into various Lamb
wave modes. A comprehensive study of these pre-
diction formulae in comparison with experlmental
results has recently been performed by Giurgiutiu.'®
Equation 11 contains a sin(¢a) behavior that dis-
plays maxima when the PWAS length [, = 2a equals
an odd multiple of the half-wavelength, and minima
when it equals an even multiple of the half-
wavelength. A complex pattern of such maxima and
minima emerges, since several Lamb modes, each
with its own different wavelength, coexist at the same
time. An example is given here. On a 1-mm-thick
aluminum plate installed with 7-mm round PWAS,
within an operation frequency range of 0-500 kHz,
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Fig. 5. PWAS phased array imaging on 1-mm aluminum plate with a 20-mm broadside crack: (a) specimen layout; (b) scanning image of the

upper side of the plate.

two Lamb wave modes (A0 and S0O) exist simulta-
neously (Fig. 4). However, as shown in the strain plot
(Fig. 4a), there are frequency values where one of the
two modes is nearly suppressed. At 300 kHz, the A0
mode vibration is very small, leaving the SO mode to
dominate. Group velocity versus frequency plots of
the SO and A0 modes are shown in Fig. 4b. We can see
that, within the 0-500 kHz range, the SO mode
velocity is almost constant; i.e., the SO mode is much
less dispersive compared with the A0 mode.

PWAS Lamb Wave SHM
Phased Array Scanning

PWAS can also be wired as phased arrays to detect
damage in thin-wall structures. The PWAS phased
array application allows large structural areas to be
monitored from a single location. The phased array
application utilizes beam steering concepts, differ-
entially firing various elements of the phased array
such that constructive/destructive interference of all
the transducers forms a wave beam in a certain
direction.’® Our previous work showed that the
minimum detectable size on a 1-mm aluminum plate
using a linear eight-PWAS (7 mm diameter) phased
array is 1.57 mm.

An example of using a linear eight-PWAS phased
array to detect and locate a 20-mm simulated crack
on a 1-mm aluminum plate is given in Fig. 5a. The
phased array was installed in the middle of the
plate and used to scan the upper side from 0° to
180°. In the array, sensors were put side by side
with a 1-mm gap. During interrogation, each PWAS
in turn serves as the actuator sending out a three-
count tone-burst signal, while others are used as
sensors to receive the structural responses in a
round-robin pattern. After the data are collected,
they are postprocessed by the embedded ultrasonic
structural radar (EUSR) algorithm to generate a
virtual beam and the scanning two-dimensional
(2D) image.'® The result is shown in Fig. 5b. A
highlighted shade about 305 mm in front of the
array at 90° clearly indicates the presence of the
broadside crack in the plate. However, to measure
the size of the crack, additional image processing
needs to be developed.

Crack Detection with Focusing Array Imaging

Unlike phased arrays, where sensors are physi-
cally close to each other, arrays consisting of a
network of spatially distributed PWAS transducers
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can also be used to inspect an area inside or outside
the network. In the network, one PWAS sends out
an interrogating guided wave. When the wave
encounters damage, the wave is scattered. By dif-
ferentiating the pristine and damaged signals, a
scatter signal can be obtained. One advantage of
using scatter signals is that this minimizes the
influence caused by boundaries or other structural
feature, which otherwise complicate the Lamb wave
analysis.

The construction of the sparse array is based on a
synthetlc time-reversal concept presented by Wang
et al.’® The assumptions are (1) the wave scattering
is solely caused by the defect in the structure, and
(2) the detection is performed with a nondispersive
single Lamb mode. The defect shows up as a wave
packet in the scatter signal, and its arrival time
depends on the total distance from transmitter T; at
(x;, y;) to the scatterer, and from the scatterer to the
receiver R; at (x;, y;). If we shift the wave packet by
the traveling time, it will be completely back-prop-
agated to the time origin of its actuation. To deter-
mine the pixel value at a random location Z(x, y) in
the structural plane, a group of measurements from
the sensing array are needed. The back-propagation
time and the data fusion algorithm for the array

imaging are
2+ \/ (x — xJ

\/ (2 —x)*+ +y - )

17 = ’

(13)

::1§

)-11

i=1j

syt i ], (14)
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Detection of a 23-mm crack at (315, 249) was
performed on a 1-mm-thick 2024-T3 aluminum

randomly at locations indicated in Fig. 6 on the left.
The Lamb wave mode used here is the SO mode at
310 kHz. The first detection was conducted by
PWAS 0, 2, 3, and 6 with the crack inside the sensor
array (Fig. 6a). The resulting image is shown in
Fig. 6b. It is seen that the two tips of the crack form
two strong scatterers of the Lamb wave and gener-
ated two strong, intensified spots on the images.
From the estimations of the crack tip locations at
(309, 255) and (328, 243), we can easily estimate the
size of the crack at 22.5 mm with an error of about
2.3%. The focusing array measurement provides a
good means for damage detection and quantifica-
tion.

When PWAS 2, 4, 5, and 6 are used to form the
array (Fig. 7a), the crack lies outside the network.
Imaging results are given in Fig. 8b. We have
obtained clear and correct images for the 23-mm
crack, even when outside the sparse array net-
work.

Corrosion Detection with PWAS

PWAS Lamb wave SHM has also shown its
capability to detect simulated corrosion (material
removal) using the A0 Lamb mode in 3.229-mm-
thick aluminum plates. In this study, we introduced
uniform corrosion over a 50 mm x 38 mm area by
machining away material. As shown in Fig. 8a, the
depth was gradually increased to simulate corrosion
progression. This thickness loss produced a change
in the waveguide impedance and thus caused (a)
scattering and reflection and (b) modification of the
wave speed of Lamb waves crossing the corrosion
area. The location of sensors and corrosion is illus-
trated in Fig. 8a.

The sensor configuration includes two general
cases: on-path and off-path damage. The on-path
case has damage in line with the transmitter—
receiver pair, which was PWAS pair 0—4, while the
off-path case has damage off the line of the trans-
mitter—receiver pair, which was PWAS pair 1-4.
More general sensor network configurations can be

plate. A total of seven PWAS were installed
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Fig. 6. Four-PWAS focusing array imaging for in-array crack detection.
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Fig. 8. Corrosion detection on an aluminum plate: (a) PWAS network configuration; (b) Lamb wave signals for pair 0—4 with significant changes

and those for pair 1-4 with no discernible changes.

obtained by modifying this simplified case. The
section between the on-path and off-path pairs
which suffers the largest change will be considered
as having corrosion. Once the path is determined,
other methods such as electromechanical imped-
ance spectroscopy (EMIS) can be used to evaluate
the local EMIS changes of each sensor on the path to
locate the exact position of the corrosion damage,
with the PWAS acting as a thickness gage to
quantify the thickness loss directly.’” Figure 8b
shows the signals received on the two paths for
various corrosion depths at 57 kHz. The wave is
tuned to this frequency so that the A0 mode was
excited. Visual observation of these signals also
implies that the A0 packets in pair 0—4 (with cor-
rosion) have a delay in arrival time and a change
(first increasing and then decreasing) in amplitude
as the corrosion depth increases. In contrast, the A0
packets in pair 1-4 (no corrosion) exhibit little
change in either arrival time or amplitude.

It is known that the phase of a signal is related to
its delay. To evaluate the phase change during
corrosion development, two approaches, one using
cross spectral analysis (CPA) and one using a novel

cross time—frequency analysis (CTFA), were used
for data analysis to relate the signal feature to the
corrosion development. CPA acquires the phase
difference by using the class Fourier transform to
obtain the phase value at a specific frequency (here
the excitation frequency of 57 kHz) and get the
phase change by taking the difference between a
measurement and a reference. The resulting curves
for each pair are shown in Fig. 9 (square symbols).
A difference between the damaged and undamaged
pair can be observed, but the resulting detection for
pair 0—4 is different from the theoretical prediction
of the phase change based on Lamb wave propaga-
tion theory.'®

CTFA provides an effective tool for nonstationary
signal analysis using time- and frequency-localized
signal representation based on the generalized
Cohen’s class.’” Based on the definition of the
Wigner distribution, the cross Wigner distribution
is defined in terms of the ambiguity functions

(15)
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Fig. 9. Phase difference between different corrosion records and baseline for both methods.

From the cross Wigner distribution, other types of
generalized cross time—frequency distribution
functions, Jy, 4, (¢, ®; ¢), can be obtained in terms of a
kernel as

Jxl,xz (ta w; ¢) = 4_71r2/ / Wx1x2 (u7 é)q)(t —U,w— é)dUdéa
(16)

where ¢(t, w) is the 2D Fourier transform of the
kernel ¢(0, 7). The phase analysis result using
CTFA at frequency of 57 kHz and the specific A0
wave packet time duration was then obtained and is
shown in Fig. 9. It can be seen that the phase dif-
ferences for pair 0-4 estimated by CTFA are very
close to the theoretical values, with most errors
smaller than 5%, while those of pair 1-4 are around
0 radians. Thus, the phase information obtained
from CTFA can determine not only the path on
which the corrosion is located but also the extent of
the corrosion damage.

CONCLUSIONS

This article has presented use of intelligent PWAS
transducers in Lamb wave SHM. PWAS transducers
can be permanently attached to structures for in situ
health monitoring to determine the structural state
of health and predict the remaining life. After
reviewing the piezoelectric principles, the PWAS
principle as used in Lamb wave applications (actua-
tion and sensing) was presented. It was shown that
Lamb wave mode tuning can be achieved by judicious
combination of PWAS dimensions, frequency values,
and Lamb wave mode characteristics; for example,
the A0 and SO Lamb modes can be separately tuned
using the same PWAS installation but different
frequency bands. Finally, PWAS transducers for
in situ SHM for crack and corrosion detection were

introduced. Although remarkable progress has been
made in using PWAS for Lamb wave SHM, consid-
erable work remains to be done. To increase accep-
tance of this emerging technology, refinement of the
theoretical analysis and calibration against well-
planned experiments are needed. Moreover, to
deploy PWAS transducers in in situ SHM applica-
tions, several hurdles have still to be overcome. In
particular, the operational and environmental vari-
ations of the monitored structure need to be ad-
dressed. The behavior of the bonding layer between
the PWAS and the structure must be clarified as well,
such that predictable and repeatable results are
achieved. The durability of this bond under extended
environmental exposure must also be determined.
Last but not least, signal analysis methods must be
developed to achieve probability of detection values
at least comparable to that of conventional ultrasonic
methods.
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