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ABSTRACT—In this paper we present the results of a sys-
tematic theoretical and experimental investigation of the fun-
damental aspects of using piezoelectric wafer active sensors
(PWASS) to achieve embedded ultrasonics in thin-gage beam
and plate structures. This investigation opens the path for sys-
tematic application of PWASs for in situ health monitoring.
After a comprehensive review of the literature, we present
the principles of embedded PWASs and their interaction with
the host structure. We give a brief review of the Lamb wave
principles with emphasis on the understanding the particle
motion wave speed/group velocity dispersion. Finite element
modeling and experiments on thin-gage beam and plate spec-
imens are presented and analyzed. The axial (Sg) and flex-
ural (Ag) wave propagation patterns are simulated and ex-
perimentally measured. The group-velocity dispersion curves
are validated. The use of the pulse-echo ultrasonic technique
with embedded PWASs is illustrated using both finite element
simulation and experiments. The importance of using high-
frequency waves optimally tuned to the sensor—structure in-
teraction is demonstrated. In conclusion, we discuss the ex-
tension of these results to in situ structural health monitoring
using embedded ultrasonics.
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Introduction

Piezoel ectric wafer active sensor ultrasonicsisarelatively
new method for in situ non-destructive evaluation (NDE).
Elastic waves propagating in material carry the information
about defects. This information can be extracted by analyz-
ing the wave signals. A large body of knowledge exists on
using el astic wavesfor damage detection, either by ultrasonic
(e.g., Krautkramer and Krautkramer,! Blitz and Simpson,?
Cawley?® and Rose™®) or acousto-ultrasonic® means. Due to
the physical properties of wave propagation, large areas can
be interrogated with a few transducers. This simplifies the
process of detecting and characterizing defects. However,
conventional ultrasonic transducers are expensive and rather
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bulky devices, which incorporate the piezoel ectric resonator
(piezoelectric stack, proof mass, and damper), the casing,
and the electric cord. Due to their cost and size, conven-
tional ultrasonic devices are unlikely to be deployable in
fixed sensor-array installations to achieve permanent struc-
tural health monitoring objectives. Intheir place, anew gener-
ation of sensors has emerged: piezoel ectric wafer active sen-
sors (PWASs). PWASs are small, inexpensive, unabtrusive,
and non-invasive permanently attached piezoel ectric wafers
that can conceivably be deployed in health monitoring arrays
without producing prohibitive weight and cost penalties.

Piezoel ectric excitation of isotropic and anisotropic struc-
tures was initially studied for structural control. Crawley
and Lazarus’ developed piezoelectric sensor and actuator
relations using equivalent line moments. This work was
extended by Tzou and Tseng,® Dimitriadis et al.,% Lester
and Lefebvre, 1% Song and Librescul! and others. Saravanos
and Heyliger'? developed a unified approach for laminated
beams with incorporated piezoelectric elements. Damage
detection through built-in piezoelectrics was pioneered by
Keilers and Chang®® for identification of delaminations in
composite plates. Various wave propagation based damage
detection methods have been recently studied.*1> M oetakef
et al .16 performed finite-el ement modeling and an experimen-
tal study of elastic wave generation through equally spaced
piezoceramic wafers. Lakshmanan and Pinest’ used wave
propagation to detect transverse cracks in a rotating com-
posite beam from the structural scattering properties. Blanas
et al.1819 studied the use of active composite sensors for
acoustic-emission health monitoring. Lichtenwalner?® used
piezoelectrics for local area damage detection. Jiang et al >
used a uminum beams instrumented with piezoel ectric wafer
transducers to study the longitudinal wave propagation for
structural health monitoring purposes. Osmont et al.?? used
Lamb wave propagation in sandwich platesto identify the ef-
fect of impact damagein sandwich skinsand core. Giurgiutiu
et a.%3 outlined the general methodology for using piezo-
electric active sensorsfor health monitoring of aging aircraft
structures.

The above-mentioned exploratory studies have shown that
PWASs are afeasibleinstrumentation option for in situ dam-
age detection and structural health monitoring using wave
propagation techniques. However, this novel approach till
lacks the maturity of conventional ultrasonics and acousto-
ultrasonic techniques, and the understanding of its underly-
ing principles and limitationsis still incomplete. None of the
studies published so far has performed a systematic investi-
gation of how the elastic waves are generated and received
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by the piezoel ectric wafers, and how they interact with the de-
fect. In addition, these studies were limited to low-frequency
flexural Lamb wavesin the 10-20 kHz range. At thislow fre-
guency, the pulse-echo method cannot be applied, since the
reflected echo superposed over the emerging wave pulse. In
this paper we describe a systematic study aimed at further-
ing the understanding of this novel damage detection tech-
nigue that resembles conventional ultrasonics and acousto-
ultrasonics but relies on a different type of structural exci-
tation and different type of transducer. In this study, both
theoretical and experimental techniques were used. In order
to keep the problem tractable, simple geometries (beam and
plates) were used. In addition, since the focus of our spon-
sored research was on aging-aircraft damage detection, 2 our
active-sensor experiments were conducted on thin metallic
plates. However, the findings of this study can be easily ex-
tended to practical geometries and composite material struc-
tures. In this paper we explore a wide range of frequencies,
from 10kHzinto low MHz, and discover an excitation “ sweet
spot” at 300 kHz that isideal for pulse-echo studies. The pa-
per is organized in four main sections. In the first section,
a general description of the piezoelectric active sensor and
of the mechanism of its interaction with the host structureis
presented. It is shown that, by applying a“pinching” action
on the structural surface, the piezoelectric active sensor can
excite elastic waves in the structural substrate. Conversely,
the same sensor, which is intimately bonded to the struc-
ture, can also act as an elastic wave detector. Thisdual action
(emitter and detector) imparts to it the “active-sensor” char-
acteristics. In the second section, the theory of elastic wave
propagation, with specia focus on guided wavesin thin-wall
structures (Lamb waves), is briefly reviewed. The dispersive
nature of the Lamb waves, and their symmetric and anti-
symmetric modes (pseudo-axial and pseudo-flexural waves,
respectively) are presented and discussed. The third part of
the paper is dedicated to theoretical and experimental beam
studies. Finite-element simulations and experimental results
on along narrow strip constructed from thin-gage aircraft-
grade aluminum stock are presented. Elastic wave genera-
tion and reception, and its reflection from boundaries, are
used to study and experimentally verify the dispersion of the
wave speed with the frequency-thickness product. A spects of
determining the optimal excitation frequency are discussed.
The detection of structural damage (simulated cracks) is il-
lustrated using the pul se-echo method. The fourth part of the
paper isdedicated to plate studies. Anarray of 11 PWA Sswas
placed in a grid pattern on a rectangular thin-gage aircraft-
grade aluminum plate. Wave speed dispersion characteristics
are verified, and the pulse-echo method isillustrated.

Thisstudy demonstratesthat transmission and reception of
guided elastic wavesin thin-wall structures can be effectively
implemented using surface-mounted small-size piezoel ectric
wafers acting as active-sensor devices. These guided waves
can be used to scan the bi-dimensional topology of the thin
walled structurelikea* structural radar” and are ableto detect
internal damage through ultrasonic and acousto-ultrasonic
techniques. The piezoelectric active sensors are inexpensive
and unaobtrusive. They can be deployed over large structural
areas to create active sensor arrays that allow the application
of phased array principles for beam steering and multidirec-
tional detection.
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Piezoelectric Wafer Active Sensors

PWASs are small, non-intrusive, and inexpensive piezo-
electric wafersthat areintimately affixed to the structure and
can actively interrogate the structure.?* Commonly, they are
manufactured from thin wafers of the piezoceramic Pb(Zr—
Ti)O3 (ak.a. PZT). Unlike conventional ultrasonic trans-
ducer, PWASs are non-resonant devices with wide-band ca-
pabilities. They can be wired into sensor arrays that are con-
nected to data concentrators and wireless communicators.
Piezoel ectric active sensors have captured the interest of aca-
demic and industrial communities due to their low cost and
small non-intrusive nature.2>-26

The general congtitutive equations of linear piezoelec-
tric material behavior, given by ANSI/IEEE Standard 176-
1987,%7 describe atensorial relation between mechanical and
electrical variables (mechanical strain S;;, mechanical stress
Ty, electrical field Ey, and electrical displacement D) inthe
form

Sij = 8{1Ta + diij Ex 1)
Dj=djuTy + SJTkEk :

wheresl.f. 1 sthemechanical compliance of the material mea-
suredat zeroelectricfield (£ =0), ¢}, isthedielectric permit-
tivity measured at zero mechanical stress (T = 0), and dj;;
is the piezoelectric coupling between the electrical and me-
chanical variables. The direct piezoelectric effect is reflected
in the second equation, while the first equation refers to the
converse piezoelectric effect. In our study, we will consider
a PWAS polarized across the thickness. In this configura-
tion, mechanical stress and strain are applied in the 1- and
2-directions, i.e.,, in the plane of the surface, while the elec-
tric field acts in the 3-direction, i.e., normal to the surface.
Hence, the significant electromechanical couplings for this
type of analysis are the 31 and 32 effects. The application
of an electric field, E3, induces surface strains, S11 and S22,
and vice versa. Figure 1(a) shows an active sensor consisting
of alead zirconate titanate (PZT) piezoceramic wafer affixed
to the structural surface. The PWAS is directly connected
to the source of electrical excitation through the connecting
wires. The piezoelectric wafer is also intimately bonded to
the structure, such that the strain/displacement compatibility
and stress/force equilibrium principlesapply. Asthe PZT ma-
terial is electrically activated, strain isinduced in the piezo-
electric wafer, and interaction forces and moments appear at
the interface between the sensor and the structure. In the pin-
force model, the interaction force, Fpzt, is assumed to act
at the sensor boundary only. Induced by Fpzt are activation
forces and moments (N, and M,), which apply a pinching
action to the structural surface and generate structural waves

(Fig. 1(b)):

Fpzr = Fpzr€®', N, = Fpzr, M, = FPZT%- 2
Conversely, when an elastic wave travels through the
structure, the sensor becomes activated through the
strain/displacement compatibility condition. In accordance
witheq (1), the strain induced in the sensor generates an elec-
tric field that is captured as voltage at the sensor terminals.
In the pin-force model, the sensor strain is proportional with
the difference in displacement between its extremes. This
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Fig. 1—PWAS interaction with host structure: (a) piezoelectric wafer transducer affixed to the host structure, (b) interaction
forces and moments, (c) PWAS on a 1D structure, and (d) PWAS on a 2D structure

observation underpins the concept of “sensor tuning”, i.e.,
optimal coupling between sensor and structure is achieved
when the sensor effective length equals the half wavelength
of the elastic wave in the structure (a = »/2).

For a PWAS affixed to a one-dimensional (1D) structure,
e.g., abeam (Fig. 1(c)), thewave propagationismainly 1D. In
this case, the dominant electromechanical coupling constant
isdz;. If theactive sensor isplaced on atwo-dimensional (2D)
structure, thewavepropagationis, inprinciple, 2D (Fig. 1(d)).
Since the electromechanical coupling constants, ds; and dsp,
have essentially same value, radial symmetry can be applied,
and the analysis can be reduced to a 1D case in the radial
coordinate, r.%*
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Review of Elastic Wave Propagation in Thin Plates

The study of wave propagation in an elastic medium hasa
long history. Elastic wavesin solid media can travel in ava
riety of modes, each associated with awavetype: axial, shear,
classical flexure, Rayleigh, Lamb, Love, etc.28730 Studies of
the particle displacement in each mode type have been per-
formed to understand the coupling between particle motion
and the PWAS. Particle displacement animations are avail-
able at our website http://www.me.sc.edu/research/lamss un-
der research Thrust 1. Elastic waves propagatingin thin plates
with freeboundariesare called Lamb waves. Lamb wavesare
also known as guided plate waves, since the wave energy

© 2003 Society for Experimental Mechanics



V()

PWAS

iR Ly LR PR ES s
O T TR LT R R O
MR R B A R
..,ﬂ.__F,.A EEREENTE
cir b R gy,
TEERESEEEE R L SR TR
ey SRR E R RN R
smwe s r @ FPP PNy
S I R R T R AT S .
R e

L R R R R TR I IR R R O
T T TR O B
A R R R R R N
..,..______m_#m_____... -
44 111 N
cidt EHE A R

_h__w.‘_T.‘_Fr.

NN TR R LA
FaEE R e
Lol o o e R ] .:iiiiill?h
ARG VL . m o
e B R K LR P .n......u.u.llllA
e T LT B B R R O e
TN R AT RN NN R
Y IELE R RN FETE.
cirt bR b
R EEERRA R RS RN EI.
e AR R R e
ame@r FEAP Py e
B I I O B T R N —"
B b

L R R R T R T I IR O R
TuwwR N b bR F T
AN R R RN NN
“..._______m._______._..
SSRETTERREARRRARRER

TEA bbb

e AT TR L
LA NN

A4 F 1 BT RS

@

V(1)

PWAS

mrrrErrerrE A TR oy
F oA a e e s T S R R R

F o P et .r.-.....J...,.“
L1

_._.
.....
.-..___:
,....m.m“q_u_
.....-Il.q.._..-___._..___.‘

o
-
-
o
')
d

.._...-.r.-..-..l._..-.l...l.l\.-.._..-.____

il
bk
(]
L
A E R CE R R R i i e e
E
L
._ ¥
e

-
ol ol ol il i i i i ey R W W W
K I E R R R R R

FRA P A r s an
R T T
q__-__1n1...... ..._.........
LI I I RRE
SRR R R
|1........._.q.q.—“
TEEES S S
...;._........-r_.,..r.-.l.1-|-..r1.1.1.1.hl....-
B it el o |
-~
o i e e A e e e B B BT
e e W W W NN
PO T L A
[
P L L I I
A cer b PPN
' L caswedr PR Y

-
B www s
.r___..r.r:...:.-.-...l.q.ql.__..._..‘..
'
.__.-.,...._....-..-..._.-..l-._.u...||-....._...-..._..__.__...

L]
B i
-

S

4§ A e a——
LRty

g - =

T i e e e T
ﬁﬁ!\\ihii+‘ifiiiJF#f
FRPA P A m e mem
FPP PP Fiwea.
YRR b,

...........,...,.-..-1-1.....“._____._

“
L
TERR R Y
TERR N R R GG

L]

.....................-.r......l......k.k.h.._‘-‘
N R s e a
IIfFrFFff++11EF+!l\lH

Pc =4y

(b)
Fig. 2—Simulation of PWAS interactions with Lamb modes: (a) symmetric Lamb mode Sg, and (b) antisymmetric Lamb mode

Ag. For full animation, see http://www.me.sc.edu/research/lamss/research/Waves/sld004.htm

Jc2/c2, ¢y is the Lamb wave

speed, d = kgd, d isthe half thickness of the plate, and kg

w/cg. By solving the Rayleigh—Lamb eq (3), we can de-

where § = ,/cg/cz, C
termine the Lamb wave speed, ;.. According to eq (3), the

across the thickness. Lamb waves can propagate in anumber
of modes, either symmetrical or antisymmetrical with respect

wave particle displacements are both along the plate and
to the thickness mid-surface (Fig. 2).

remains contained within the thin-plate guide. The Lamb

ness, d, i.e., on the thickness-frequency product. Equation

(3) admits several roots, corresponding to several symmetri-
cal Lamb wave modes, called S, S, etc. A plot of the S

Lamb wave speed depends on the non-dimensional thick-

Symmetric Lamb Waves

To find the eigenvalues of the symmetrical Lamb waves,
wesolvethefollowing form of the Rayleigh—Lamb frequency

equation®

Lamb wave speed versus frequency isgivenin Fig. 3(a). The

value 2d = 1.6 mm. Theroots of eq (3) were found numeri-

calculation was made for an aluminum plate, with athickness
cally using mathematical software. Examination of Fig. 3(a)

indicates that, at low frequencies (f < 500 kHz) the speed
of the symmetric Lamb wave approaches the speed of axial

©)

=0

T T

tan(y/1 — ¢2d)

(22 —1)?

+

22_c2

tan
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Fig. 3—Dispersion curves for Lamb waves in 1.6 mm aluminum alloy plates: (a) wave speed, and (b) group velocity

waves, cp. The particle motion for a symmetric Lamb wave
is given by2®
cosh(gz)

u(x,z,t) = Re [AkL (Sinh(qd)

(4)
3 2qs cosh(sz) ei(kaf(,Ot%)
k% + s2 sinh(sd)

sinh(gz)
sinh(gd)

| ©
2% sinh(s2) pitkrx—wn)
k% + s2 sinh(sd)

wherek;, = ocp, and g = k2 — k%, s = [k — k2. A
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w(x,z,t) = Re |:Aq (

plot of the particle motion defined by eqgs (4) and (5) for the
Sy modeisgivenin Fig. 2(a) for the S mode. The symmetry
of the motion with respect to the mid-surface is apparent.

Antisymmetric Lamb Waves

For antisymmetric Lamb waves, the Rayleigh-Lamb fre-
guency equation takes the form

tan(y/1 — ¢2d)

tan /&2 —¢?

(22 — 1)?

+ =0
PN N

Equation (6) admitsseveral roots, corresponding to several
antisymmetrical Lamb wave modes, called Ag, A1, €tc. The
plot of the Lamb wave speed branch Ag is aso presented in
Fig. 3(a). At high frequencies (2500 kHz < f), the dispersion
curvesfor the Sp and Ag modes coal esce. The particle motion

(6)
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TABLE 1 —OVERVIEW OF ELASTIC WAVE TYPES AND THEIR PARTICLE MOTIONS

Wave Type Particle Motion

Axial wave (a.k.a., longi-
tudinal, compression,
dilatational, or P-wave)

Shear wave (a.k.a.,
transverse, distortional,
or S-wave)

Flexural wave

Parallel to the direction of wave propagation.

Perpendicular to the direction of the wave propagation (plane of polarization perpendicular
to the direction of wave propagation).

Elliptical orbits in a plane of polarization containing the direction of propagation. Transverse

component is constant across the thickness. Axial component is antisymmetric with respect

to the mid-thickness surface.

Rayleigh wave (a.k.a.,
surface wave)

Elliptical orbits in a plane of polarization normal to the free surface and containing the

direction of wave propagation. The amplitude of motion decreases rapidly with depth.

Lamb waves (a.k.a.,
guided plate waves)

Elliptical orbits in a plane of polarization perpendicular to the plate surface and parallel to

the direction of wave propagation. Two types are possible, symmetric Lamb waves (Sg, S1,
etc.) and antisymmetric Lamb waves (Ag, A1, etc.).

for the antisymmetric Lamb wavesis given by

cosh(gz)

M(X, s t) = Re |:AkL (W
(7)
qu COSh(SZ)) ei(ka_wt];):|

k2 + 52 cosh(sd)

w(x,z,1) = Re [Aq <%
, (8)
2ks  sinh(sz) ) ei(ka—(,Ot):|

k2 + 52 cosh(sd)

A plot of the particle motion defined by egs (7) and (8) for
the Ag mode is given in Fig. 2(b). The antisymmetry of the
motion with respect to the mid-surface is apparent.

GROUP VELOCITY OF LAMB WAVES

The group velocity of Lamb waves isimportant when ex-
amining the traveling of Lamb wave packs, as in the exper-
iments described later in this paper. To calculate the group
velocity of Lamb waves, we used the formula®

2 de 7171t

o= |- gTs] ©
where ¢ isthe Lamb wave phase velocity. Figure 3(b) shows
aplot of the group velocities versus frequency for thin-gage
aluminum with thickness 2d = 1.6 mm. Shown in Fig. 3(b)
arethe group velocities for symmetric Lamb waves (Sp), and
antisymmetric Lamb waves (Ag). Table 1 gives a compara-
tive overview of the common wave types and their particle
motion.

Embedded Ultrasonics on 1D Beam Structures

In the beginning, our investigation was focused on sim-
ple 1D wave-propagation studiesthat allow asimpler analysis
and foster rapid understanding. For our studies, we selected a
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long and narrow thin-gage metallic strip that resemblesalong
beam. The beam was instrumented with five pairs of piezo-
electric active sensors and modeled with the finite-element
method (FEM). Details of our investigation are presented
next.

1D Specimen Description

The 1D beam specimen considered in our study was made
from 1.6 mm thick aircraft-grade 2024 aluminum alloy. The
beam was 914 mm long, 14 mm wide, and 1.6 mm thick.
PWASs (7 mm square, 0.2 mm thick) were installed in pairs
(i.e., on both sides of the beam thickness) at five locations
(A—E), asshown in Fig. 4 and Table 2. The double-sided in-
stallation was chosen to permit symmetric and antisymmetric
excitation. Thus, axial and flexural waves could be selectively
generated.

Excitation Signal

The excitation signal considered in our studies consisted
of a smoothed tone burst. The smoothed tone burst was ob-
tained from a pure tone burst of frequency f filtered through
a Hanning window. The Hanning window was described by
the equation:

x(t) = $[1—cos(2nt/Ty)], t € [0, Tyl (10)

The number of counts, Ng, in the tone bursts matches the
length of the Hanning window, i.e.,

Ty = Ng/f. (11)

The tone burst excitation was chosen in order to excite
coherent single-frequency waves. This aspect is very impor-
tant especially when dealing with dispersive waves (flexure,

TABLE 2—LOCATIONS OF SENSORS ON THE THIN
NARROW-STRIP BEAM SPECIMEN

Sensor
A B C D E
X (mm) 57 257 457 657 857
y(mm) 7 7 7 7 7

Experimental Mechanics e 433
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Fig. 4—1D beam specimen consisting of a narrow strip of 1.6 mm thick 2024 aluminum alloy, 14 mm wide and 914 mm long.

Five pairs of PWASs (A—E) are also shown.

Rayleigh, Lamb, Love, etc.). The Hanning window smooth-
ing was applied to reduce the excitation of frequency side
lobes associated with the sharp transition at the start and
the end of a conventional tone burst. Through these means,
it was intended that the dispersion effects would be min-
imized and the characteristics of elastic wave propagation
would be readily understood. Figure 5 shows a comparison
of raw and smoothed 10 kHz tone bursts, as well as their
Fourier transform. It is apparent that, although both tone
bursts excite the same central frequency of 10 kHz, the raw
tone burst (Fig. 5(a)) also excites a considerable number of
side lobes, below and above the central frequency. By con-
trast, the smoothed tone burst (Fig. 5(b)) does not produce
side lobes.

The smoothed tone burst that resulted from this process
was numerically synthesized and stored in PC memory as
the excitation signal. This numerically generated excitation
signal was used in the finite-element analysis and in the ex-
perimental investigation.

Finite Element Analysis of Wave Propagation in a Beam
Specimen

Numerical simulations of the wave propagation process
were performed using the commercially available finite-
element code, ANSY S. The narrow-strip beam specimen was
model ed using four-node shell elements (SHELL 63). Theel-
ement has six degrees of freedom at each node. The shell
element displayed both bending and membrane capabilities.
The discretization process used 3976 elements, arranged in
rows of four across the beam width (Fig. 6). The FEM also
permitted the simulation of structural defects, e.g., through-
thickness cracks of length 2a. Such cracks were simulated
through the nodal release method. Figure 6 shows a simu-
lated crack placed transverseto thebeam, along thetransverse
symmetry line. The crack length is dictated by the number of
released nodes. In order to obtain better resolution for crack
simulation, the discretization mesh was locally refined, as
indicated in Figure 6.

Two forms of the elastic wave propagation were studied:
the flexural waves and the axial waves. To attain wave exci-
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tation, we considered creating situationsin the finite-element
model that are equivalent to the excitation applied by the
piezoelectric wafer. First, we identified groups of finite ele-
ments that cover areas geometrically equivalent to that cov-
ered by the PWASinstalled on the specimen (A—E in Fig. 4).
Thus, we designated areas in the finite-element model that
represent active sensors. Then, to generate waves, we ap-
plied prescribed displacements to the nodes delimiting the
contour of these active areas. Consistent with the physical
phenomenon, the displacement applied to nodes representing
opposite ends of the piezoelectric wafer had to be in oppo-
site phase. This ensuresthat the net effect on the structureis
self-equilibrating. To generate axial waves, we applied nodal
trandlations. While for flexural waves, we applied nodal ro-
tations. The detection of the elastic waves followed the same
general principleasthat applied to wave generation. Thevari-
ables of interest were the differences between the displace-
ments at the opposing ends of the active sensor, i.e., Au for
axia waves, and Aw’ for flexural waves.

SIMULATION OF AXIAL WAVES

Figure7 showsFEM simulation of axia wavesinthebeam
excited with a 100 kHz five-count Hanning-windowed axial
burst at the left-hand end of the beam. The patterns of dilata-
tion and contraction (in-plane motion) are shown. The wave
was captured after traveling for 50 p.s. Figure 7(a) gives an
overal view, while Fig. 7(b) gives a magnified detail of the
first quarter of the beam. We note that the number of peaksin
the wave is greater than the burst count of five because both
the incident wave and the wave reflected from the left-hand
end of the beam are superposed in this wave front. Figure 8
shows the wave signal received at sensors A-E. It is easily
appreciated how thewavetravelsdownthebeam fromA to E,
then reflects at the right-hand end, and returnsto A, followed
by repetition of this pattern. We observe that, at the begin-
ning, the five counts of the smoothed tone-burst excitation
can bereadily identified. Asthe wave travels further and un-
dergoes reflections, its coherence somehow diminishes, and
some dispersion occurs. This loss of coherence may also be
attributed to accumulation of numerical error.

© 2003 Society for Experimental Mechanics



_ 15 T
1__
45 0 o5 R |
Time (ms)
0 10 20 30
1 Frequency (kHz)
@
10 T H 1+
: [\ N, .05t
-0.5 o\/ V 95 Lime (ms)*
ol “ 0 10 20 %0
Frequency (kHz
(b) q y (kHz)

Fig. 5—Example of 10 kHz, five-count tone-burst excitation: (a) raw tone burst, and (b) smoothed tone burst

14 mm [T

2a

914 mm

Fig. 6—The mesh used in the finite-element modeling was refined around the region with a simulated crack. The left-hand side
half of the symmetric beam is shown. The crack is simulated along the symmetry line of the beam, i.e., at the right-hand end
of the drawing. The crack length, 24, is dictated by the number of released nodes.
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Fig. 7—FEM simulation of axial waves in the 914 x 14 x 1.6 mm?3 aluminum alloy beam excited with 100 kHz five-count
Hanning-windowed axial burst at the left-hand end. The wave is captured after traveling for 50 us: (a) overall view, and (b)
details of first quarter of the beam. The number of peaks in the wave is greater than five because both the incident wave and
the wave reflected from the left-hand side end of the beam are superposed in this wave front.
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Fig. 8—FEM simulation of the axial wave signals received
at sensors A—E (100 kHz five-count smoothed tone-burst
excitation at active sensor A).

Figure 9 shows the FEM simulation of the pulse-echo
method used for damage detection. The active sensor placed
at the left-hand end was used to send a 100 kHz five-count
Hanning-windowed axial burst and to receivethe el asticwave
responses. In abeam without crack (Fig. 9(a)), theinitial sig-
nal and the reflection from the right-hand end appear. If an
8 mm through-the-thickness transverse crack is simulated in
the center of the beam, the reflection (echo) from this crack
also appears (Fig. 9(b)). As the crack length increases, the
amplitude of the reflection increases (Fig. 9(c)).

SIMULATION OF FLEXURAL WAVES

Figure 10 shows the FEM simulation of flexural waves
in the beam excited with a 100 kHz five-count Hanning-
windowed axial burst at the left-hand end. The peaks and
valleys of flexural wave propagation are apparent. The wave
was captured after traveling for 99.3 ps. Figure 10(a) gives
anoverall view, whileFig. 10(b) gives magnified detail of the
first quarter of the beam. We note that the number of peaksin
the wave is greater than the burst count of five because both
the incident wave and the wave reflected from the left-hand
end of the beam are superposed in thiswave front. Figure 11
shows the wave signal received at sensors A—E for a 10 kHz
excitation. It iseasily appreciated how the wave travelsdown
the beam from A to E, then reflects at the right-hand end,
and returns to A, followed by repetition of this pattern. We
observe that the five counts of the smoothed tone-burst exci-
tation can be readily identified in the initia signal, but this
pattern quickly deteriorates due to wave dispersion. As the
wave travels further and undergoes reflections, its coherence
further diminishes. The loss of coherence may aso be at-
tributed to accumulation of numerical error.
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Figure 12 shows the FEM simulation of the pulse-echo
method used for damage detection. The active sensor placed
at the left-hand end was used to send a 100 kHz five-count
Hanning-windowed axial burst and to receivethe elasticwave
responses. In abeam without a crack (Fig. 12(a)), theinitial
signal and thereflection from the right-hand end appear. If an
8 mm through-the-thickness transverse crack is simulated in
the center of the beam, the reflection from this crack also ap-
pears(Fig. 12(b)). Asthecrack lengthincrease, theamplitude
of the reflection increases (Fig. 12(c)).

COMPARISON BETWEEN AXIAL AND FLEXURAL WAVE
SIMULATION RESULTS

The main differences between using the pulse-echo
method with axial waves versus flexural waves are reveaed
by the comparison of Figs. 9 and 12. Figures 9(a) and 12(a)
show that, in thisthin-strip beam specimen, the flexural wave
speed at 100kHzisroughly half of theaxial wave speed, since
the same distance of 914 mm istraveled in roughly twice the
time. In addition, the flexural wave echo of Fig. 12(a) shows
adispersion pattern (i.e., superposition of several waveswith
different frequencies), while the axial wave echo of Fig. 9(a)
shows a much more coherent pattern. This is in agreement
with the dispersion curves of modes Ap and Sy shown in
Fig. 7, since, at this frequency, the flexural waves, Ao, are
much more dispersive than the axial waves, Sq. Figures 9(b)
and 12(b) show that, for partial cracks of the same crack size
(8 mm), the axial wave echoismuch stronger than theflexural
wave echo. Figures 9(c) and 12(c), on the other hand, show
that for a large crack (14 mm) the flexural wave echo has
increased much more than the axial wave echo. These obser-
vationsindicate that both the axial and the flexural waves can
offer advantages, under appropriate circumstances, for dam-
age detection, and that both should be retained for further
studies.

THE IMPORTANCE OF HIGH FREQUENCY EXCITATION

Although the results shown above refer mainly to onefre-
quency (100 kHz), our wave propagation simulation efforts
were performed for avariety of frequenciesin the range 10—
100 kHz. It has been found that the lower frequency limit was
easier to simulate since at low frequencies the wavelength is
longer and spans more finite elements, and hence the distor-
tion of each element is less severe. Consequently, at low fre-
guency, wecould uselarger elements, i.e., acoarser mesh, and
less computation time. However, low-frequency waves are
inappropriate for ultrasonic applications. To achieve damage
detection with the pulse-echo method, the timewise length
of the wave pack must be much less than the time taken for
the echoto return. We observed that, at low frequencies (e.g.,
10 kHz), the echo signal starts to appear before the incident
signal has finished developing, thus markedly impeding the
damage detection process. Hence, high excitation frequen-
cies are needed. As the frequency increases, the wavelength
decreases, and hence afiner finite-element mesh is needed to
capture the wave propagation process, which increases con-
siderably the computational effort. This was especialy ap-
parent for flexural waves, which, at a given frequency, have
a shorter wavelength than axial waves. After considerable
studies, the compromised frequency of 100 kHz was selected.
With this frequency, we were able to successfully simulate
both axial and flexural wave patterns, and to clearly identify
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Fig. 9—FEM simulation of pulse-echo methodina 914 x 14 x 1.6 mms3 aluminum alloy beam using axial waves. A 100 kHz five-
count Hanning-windowed axial burst was applied at the left-hand end. (a) The beam without a crack shows only the reflection
from the right-hand end, (b) the beam with an 8 mm long through-the-thickness transverse crack shows, in addition, the reflection
from the crack, (c) a longer crack (14 mm) gives a stronger reflection
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Fig. 10—FEM simulation of flexure waves in the 914 x 14 x 1.6 mm3 aluminum alloy beam excited with 100 kHz five-count
Hanning-windowed burst at the left-hand end. The wave is captured after traveling for 99.3 us: (a) overall view, and (b) details
of first quarter of the beam. The number of peaks in the wave is greater than five because both the incident wave and the wave
reflected from the left-hand side end of the beam are superposed in this wave front

Time (micro-sec)

Fig. 11—FEM simulation of flexural wave signals received
at sensors A-E (10 kHz five-count smoothed tone-burst
excitation at active sensor A)

defect-generated echoes as close as 100 mm from the source.
For the detection of defects closer than 200 mm, higher fre-
quencies are required.
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Experimental Investigation of Wave Propagation in a
Beam Specimen

The experimental setup consisted of a HP 33120A signal
generator, a Tektronix TDS 210 digital oscilloscope, and a
laptop computer connected through a GPIB interface. The
HP 33120A signal generator was used to generate constant-
amplitude tone bursts of three to five counts. The Tektronix
TDS 210 digital oscilloscope connected to the laptop com-
puter through the GPIB interfacewasused to collect data. The
burst signal from the signal generator of 10 V peak-to-peak
(pp) wasapplied directly tothe PWAS. Thesignal wasapplied
either to one of thetwo PWASsin the pair (one-sided excita-
tion) or to both (two-sided excitation). In the latter case, both
in-phase and out-of-phase excitation coupling between the
upper and the lower PWAS was applied. To achieve out-of-
phase coupling, the signal was split, and then routed through
an operational amplifier inverter circuit. Through in-phase
and out-of-phase excitation, the enhancement and suppres-
sion of certain wave types (axia, flexura) could be manip-
ulated, and thus their properties could be separately studied.
One of the five pairs of PWASs (A-E) was used for trans-
mission, while the others were used for reception. Various
combinations of transmission—reception locations were ex-
plored in around-robin fashion.

Figure 13 shows several signal samples captured during
thisinvestigation. On each plot, signal A represents the exci-
tation signal applied to the PWAS at location A, while B-E
represent the reception signals picked up by the PWAS at lo-
cations B—E. The excitation signal wasa 10 kHz, three-count
constant-amplitude tone burst of 10 Vpp. The reception sig-
nals were in the 100 mV pp range. Figure 13(a) presents the
results of the excitation being applied to the upper PWAS at
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Fig. 13—Experimental data from the beam specimen: (a) 10 kHz one-sided excitation, (b) 100 kHz one-sided excitation, (c)
20 kHz two-sided axial excitation, and (d) 10 kHz two-sided flexural excitation

location A. It can be appreciated that two wave types (flexu-
ral and axial) are simultaneously excited. The flexural wave,
which travel swith lower speed, is excited more strongly than
the axial wave. Neverthel ess, minute examination of the sig-
nal, eg., a sensor E, reveals that a small amplitude axial
wave arrivestherewell ahead of the main flexural wave pack-
age. Thisfigure also indicates how waves reflect at the beam
boundary and travel backwards and forwards through the
beam. Figure 13(b) shows the same phenomenon but at 100
kHz. Thistime, the axial wavesare much better distinguished
asclear packetsof smaller amplitudewavesahead of themain
flexural waves. Because the axial waves are stronger at this
frequency, they can be distinguished at all sensor locations,
B-E. Figure 13(c) presents the result of applying a 20 kHz
symmetric excitation to the upper and lower active sensors
existing at location A. Under symmetric excitation, only the
axial waves are generated. Their speed is high, and they un-
dergo multiple reflections from the ends of the beam. Figure
13(d) presentsthe result of applying a 10 kHz antisymmetric
excitation to the same active sensor pair at location A. This
time, only the flexural waves are excited. They travel more
dowly, but have much larger amplitude than the axial waves.
Reflections from the beam ends and their traveling back and
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forthareapparent. Fromthese plots, thetime of flight for each
wave package can be observed, recorded, and plotted against
distance. Then, the group velocity of the wave package was
calculated through linear regression.

Frequency Tuning Effects

During our experiments, weinvestigated the effect of exci-
tation frequency on the excited wave amplitude. It wasfound
that, at low frequencies (e.g., 10 kHz) the excitation of flexu-
ral waves was much stronger than that of axial waves. How-
ever, asfrequency increasesbeyond 150 kHz, the excitation of
flexural waves decreases, while that of axial wavesincreases
significantly. A “sweet spot” for axial wave excitation was
found in the 300400 kHz range, as shown in Fig. 14(a).
At 300 kHz, the first wave pack and the axial pack peaked.
The second wave pack peaked at 350 kHz. We found that
using clear-tone excitation a 300 kHz gave very good and
clean excitation of the Sy waves. Since, at this frequency,
the Sp waves have a shallow dispersion curve (cf. Fig. 3),
the waves generated in this manner were observed to have
very little dispersion. When moving away from this center
frequency by about 4+-25 kHz, the cleanness of this excitation
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Fig. 14—Survey of Lamb wave excitation with a surface-mounted PWAS: (a) frequency tuning studies identified a maximum
wave response around 300 kHz, and (b) group velocity dispersion curves

diminished because of Ag waves were also excited. Since
Ao waves are very dispersive in this frequency range (cf.
Fig. 3), their excitation is to be avoided. Subsequently, for
the plate experiments described in the next section, this ex-
citation “sweet spot” at 300 kHz was adopted as standard.

Experimental Determination of Group Velocity
Dispersion Curves

Figure 14(b) shows a plot of the group velocity versus
frequency, resulting from our experimental measurements. It
shows the flexural wave data measured on the beam speci-
men, and the axial wave data measured on the plate speci-
men. Superposed on the same chart are the Ag and Sp group
velocities curves predicted by Lamb wave theory. The con-
cordance between the theoretical Ag group velocity and the
measured Apgroup velocity isremarkably good. The Ag data
for the interval 200450 kHz was not measured because, in
this interval, the flexural wave could not be excited due to
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the axial wave's dominance mentioned in the previous sec-
tion (cf. Fig. 14(a)). The Sy data aso show remarkably good
concordance with the theoretical predictions, except at low
frequencies (f < 100 kHz) where the excitation of axial
wavesismoredifficult dueto the flexural wave's dominance.
Overall, the data presented in Fig. 14(b) indicate that the the-
oretically predicted Lamb wave group velocities have been
experimentally confirmed.

Main Findings of Beam Embedded Ultrasonics
Investigation

The main findings of investigating embedded ultrasonics
on a 1D beam structure are as follows.

The modeling of wave propagation and reflection in thin
strip beamswas successfully achieved with thefinite element
method using shell elements and time integration. Both axial
and flexural waves were separately studied.
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TABLE 3—LOCATIONS OF SENSORS ON THE THIN RECTANGULAR PLATE SPECIMEN

Sensor
1 2 3 4 5 6 7 8 9 10 11
x (mm) 100 100 100 100 100 450 450 450 800 800 800
y (mm) 100 175 250 325 400 100 250 400 100 250 400
ty
ob o8 011
O 4 E
=
o3 o7 010 !
o2
01 06 o9
X
e
914mm

Fig. 15—Plate, 1.6 mm thick, 2024 aluminum alloy

The detection of internal cracks using the pulse-echo
method with embedded ultrasonics hardware was success-
fully simulated at frequencies up to 100 kHz.

Embedded ultrasonics experimentswere successfully per-
formed on a thin strip beam specimen equipped with piezo-
electric active sensors placed in pairs at five locations. The
excitation and reception of both axial and flexural waves,
separately and together, were verified.

Group velocity of the wave pack was successfully deter-
mined. Theva ueswerefoundto bewithin’5.6% of theoretical
predictions, which is explainable in terms of manufacturer’s
tolerances in geometry and materials, as well as wave dis-
persion. The group velocity dispersion curves for flexural
(Ap) and axia (Sg) Lamb wave modes were experimentally
confirmed.

An excitation “sweet spot” at 300 kHz was identified
and adopted as standard for follow-up plate experiments, de-
scribed next.

Embedded Ultrasonics Experiments on Thin Plates

Due to the high overhead of FEM wave simulation on 2D
structures, this part of the study was performed only exper-
imentally. A 1.6 mm thick, 2024-aluminum alloy plate (914
x 504 x 1.6 mm3) was instrumented with an array of eleven
7 x 7 mm? PWASs. The (x, y) locations of the eleven ac-
tive sensors are given in Table 3, and illustrated in Fig. 15.
The sensors were connected with thin insulated wires to a
16-channel signal bus that ended into two eight-pin connec-
tors (Fig. 16). An HP33120A arbitrary signal generator was
used to generate a 300 kHz tone-burst excitation withal0Hz
repetition rate. Both constant-amplitude and smoothed tone-
burst signals were used. The signal was sent at one active
sensor that serves as a transmitter and received at the other
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ten active sensorsthat serve asreceivers. Under thetone-burst
excitation, the transmitter active sensor generated a package
of elastic wavesthat spread out into the entire plate according
to a circular wave-front pattern. A Tektronix TDS210 two-
channel digital oscilloscope, synchronized with the signal
generator, was used to collect the response signals from the
active sensors. The two oscilloscope channels were digitally
switched among the remaining ten active sensors using adig-
itally controlled switching unit. A data acquisition program
was developed using LabView software to control the signal
switch and record the data from the digital oscilloscope. In
addition, aMotorolaM C68HC11 microcontroller was tested
as an embedded stand-al one controlling option.

Figure 17(a) shows the signals received at active sensors
1-10 when a constant-amplitude tone burst was applied at
sensor 11. The cleanness and consistency of the wave pat-
terns are remarkable. In each signal, we notice a number of
wave packs. Thefirst of these packs corresponds to the wave
received directly from the transmitter active sensor 11. The
subsequent wave packs correspond to waves reflected from
the boundaries. The time of flight (TOF) of each wave pack
is consistent with the traveled distance.

Group Velocity Estimation

These raw signals of Fig. 17(a) were processed using a
narrow-band signal correlation algorithm followed by an en-
velope detection method. Asaresult, the exact TOF for each
wave pack could be precisely identified. To perform a group
velocity estimation, we used first the TOF of the first wave
pack in each signal and plotted it against the geometric dis-
tance between the receiving active sensor and the transmit-
ting active sensor (Fig. 17(b)). It can be appreciated from
Fig. 17(b) that a perfect straight line (99.99% R? correlation)
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TABLE 4—ELASTIC WAVE RECEPTION DATA ON THE THIN RECTANGULAR

PLATE SPECIMEN

Sensor X (mm) y (mm) r (mm) t (us)
1 70 0 70.0 221
2 84 0 84.0 263
3 98 0 98.0 302
4 112 0 112.0 357
5 200 0 200.0 537
6 200 96 221.8 602

was obtained. The slope of thisline is the group velocity. Its
value is ¢, = 5.446 km s~1. For the 1.6 mm aluminum al-
loy used in this experiment, the theoretical Sp-mode speed at
300kHziscgso = 5.440 kms~1. Since, at thislow frequency,
the Sp mode has negligible dispersion, the group velocity and
the wave speed have practically the same values. Hence, we
compared the experimentally determined value of 5.446 km
s~1 with the theoretical value of 5.440 km s~1. The speed
detection accuracy (0.1%) is remarkable. Based on the wave
speed, we conclude that the first wave packets are Sp Lamb
waves.
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Reflections Analysis

The next step in our analysis was to understand the re-
flection patterns, represented by the subsequent wave packs
appearing in each signal. These packs, appearing after the
first pack, represent waves that are reflected from the edges
of the plate. Understanding the wave reflection patterns is
essential for establishing the methodol ogy for implementing
the pulse-echo method for damage detection. In our analysis,
we had to establish a correlation between the TOF of each
wave pack and the distance traveled by that particular pack
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Fig. 17—(a) Reception signals received at active sensors 1-10 when a constant amplitude tone burst was applied at sensor

11, and (b) Correlation between radial distance and TOF (numbers indicate sensor labels)

(path length). The TOF determination was immediate, but
the determination of the actua traveled distance was more
involved. Since elastic waves propagate in a circular wave
front through the 2D plate, they reflect at al the edges and
continue to travel around until fully attenuated. AutoCAD
drawing software was used to assist the analysis and calcu-
latetheactual path length of thereflected waves. Thedrawing
inFig. 18(a) showstheplateand itsmirror reflectionswith re-
spect to the four edges and four corners. Thus, animage con-
taining nine adjacent plates was obtained. To identify which
reflection path correspondsto aparti cular wave pack, wetook
its TOF and multiplied it by the wave speed to obtain a first
estimate of the path length. For example, Fig. 18(a) shows
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that for the reflected reception at sensor 6, the estimated dis-
tance is 645 mm. Then, acircle, centered at the transmitter
sensor (11) and with its radius egqual to the estimated dis-
tance, was drawn. The circle intersects with, or very close
to, one of the reflected images of the reception sensor (6). In
this way, we identified which of the reflected images of the
reception sensor 6 as the actual image to be processed. Next,
the true distance (path length) between the identified sensor
image and the transmitter sensor was determined using the
distancefeature of the AutoCAD software. In Fig. 18(a), this
true distance is 651.22 mm. In this way, the path lengths for
the reflection wave packs of all sensorswere determined, and
a TOF versus path length plot could be created (Fig. 18(b)).
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Fig. 18—Calculation of the distances traveled by the reflected waves: (a) the actual plate (shaded) surrounded by eight mirror
images to assist in the calculation of the reflection path length, and (b) correlations between path length and TOF for the wave
reflection signals (second wave pack) captured on active sensors 1-10

With the exception of one outlier, the TOF versus path length
plot of Fig. 18(b) shows good linearity and thus proves the
consistency of our reflection analysis.

Pulse Echo Analysis

In our plate experiments, we performed pul se-echo analy-
sison sensor 11. After theinitial bang, the transmitter active
sensor (11) was also able to capture subsequent signals rep-
resenting waves reflected by the plate boundaries and sent
back to the transmitter (Fig. 19). These subsequent wave
packs were recorded for evaluating the pulse-echo method.
Figure 19(a) showsthe sensor 11 signal. Thissignal contains
the excitation signal (initial bang), and a number of wave
packs received in the pulse-echo mode. The wave generated
by the initial bang undergoes multiple reflections from the
plate edges, as shown in Fig. 19(b). The values of the true
path length for thesereflectionsare givenin Table 6. It should
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be noted that the path lengths for reflections Ry and Ry are
very close. Hence, the echoes for these two reflections vir-
tualy superpose on the pulse-echo signa of Fig. 19(a). It is
also important to notice that reflection R4 has two possible
paths, R4, and Ry;. Both paths have the same length. Hence,
the echoes corresponding to these two reflection paths arrive
simultaneously and form a single echo signal in Fig. 19(a),
with roughly doubletheintensity of the adjacent signals. Fig-
ure 19(c) shows the TOF of the echo wave packages plotted
against their path lengths. The straight-linefit hasavery good
correlation (R? = 99.99%). The corresponding wave speed
is5.389 km s71, i.e., within 1% of the theoretical value of
5.440 kms™1.

Damage Detection Experiments

L amb-waveactive-sensor damage detection strategy stems
from the ultrasonic* and acousto-ultrasonic® damage
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Fig. 19—Pulse-echo method applied to active sensor 11: (a) the excitation signal and the echo signals on active sensor 11,

(b) schematic diagram of the wave paths for each wave pack, and (c) correlation between path length and TOF
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TABLE 5—ANALYSIS OF WAVE REFLECTION SIGNALS (SECOND WAVE PACK) CAPTURED ON ACTIVE SENSORS 1-10

ON RECTANGULAR PLATE SPECIMEN

Active
Sensor 1 2 3 4 5 6 7 8 9 10
TOF (s) 189.4 184.4 181.8 179.8 179.2 129.7 103.4 115 99.3 76.2
Path length (mm) 1043.8 1009.7 980.2 955.6 928 755.8 583.6 578 508 358

TABLE 6—ANALYSIS OF PULSE-ECHO SIGNALS OF SENSOR 11 ON RECTANGULAR PLATE SPECIMEN

Wave pack label R1 R> R3 R4 Rg Rg R7 Rg
TOF (s) 43.8 48.8 152.8 194.4 233.2 302.8 343.2 380.8
Path length (mm) 104 114 400 504 608 800 914 1008

detection methodologies. Damage detection experiments
were conducted on a 1220 mm?, 1 mm thick, aircraft-grade
2024-T3auminum panel. A 7 x 7mm?, 0.2 mmthick piezo-
electric wafer active sensor was adhesively mounted at the
center of the panel. The pulse-echo method was used. A 10
V 300 kHz three-count smoothed tone burst (“initial bang”)
was applied to the active sensor with a 10 Hz repetition rate
(Fig. 20). Under this electric excitation, the active sensor,
which is strain coupled with the plate surface, transmitted
an elastic wave into the plate. The elastic wave traveled as
a guided wave (Lamb wave So mode) along the plate in an
omnidirectional pattern. Upon reflection at the plate bound-
aries, the guided wave was reflected and received back as
an echo. Consistent with the pulse-echo methods, the same
active sensor was used for both transmission and reception.
Figure 20(a) shows a TOF of 225.6 ps. Since the distance
from the active sensor to the nearest edge is 610 mm, and
sincethe Sy modetravels, at thisfrequency, with agroup ve-
locity ¢ = 5.440 mm ws 1, the theoretical round-trip TOF
would be TOF; ¢y = 224.3 ps. This compares very favor-
ably with the experimental value of 225.6 |.5(0.6% error). To
illustrate crack detection, a10 mmlong, 0.127 mmwidesim-
ulated crack was manufactured at 305 mm from the sensor,
and the pulse-echo methodol ogy was repeated. Theresults of
this test are shown in Fig. 20(b). An additional reflection is
apparent at TOF,,.4x = 113.0 us. The theoretical round-trip
TOF to the crack is TOF¢rack-theory = 112.1 ps. The accu-
racy of the crack detection method seems remarkable (0.8%
error).

Main Findings of the Embedded Ultrasonics
Investigation on a 2D Plate

The main findings of investigating embedded ultrasonics
on a 2D plate structure are as follows.

Embedded ultrasoni cs experimentswere successfully per-
formed on a thin-gage rectangular plate specimen equipped
with piezoelectric active sensors placed in an array pattern.
The Lamb waves generated through this method were found
to propagate omnidirectionally in a circular wave front over
the entire plate surface.

Although excitation waspossible at variousfrequencies, it
was found that the 300 kHz axial wave gave amore clear and
distinct transmission and reception of the wave packs. The
wave speed was successfully determined and the theoretical
value was recovered with remarkable accuracy (0.1%).

The wave signals obtained in the 2D plate were much
cleaner than in the 1D narrow strip beam due to the lack of
detrimental interference from the sides of the specimen.

Duetothelow attenuation of these guided waves, multiple

© 2003 Society for Experimental Mechanics

reflections were present and showed in the captured signal as
distinct wave packs. Thesemultiplereflectionswereanayzed
and successfully interpreted.

The use of the pulse-echo method with the embedded
PWAS was successfully demonstrated. A 19 mm hairline
crack placed at 305 mm from the active sensor was detected
with remarkable accuracy (0.8% error). This opened the way
for developing an embedded ultrasonics damage detection
methodology using an array of PWASs.

Comparison Between PWASs and Conventional
Ultrasonic Transducers

PWASs are surface mounted transducers, intimately
bonded to the material surface, which interact with the
structure through stresses and strains parallel to the mate-
rial surface, i.e., through a “pinching” action. In contrast,
conventional ultrasonics transducers interact with the struc-
ture through forces and displacements normal to the material
surface, i.e., through a “tapping” action. Both conventional
ultrasonic transducers and PWASs can simultaneously act
as transmitters and receivers of elastic waves. Conventional
ultrasonic transducers cannot excite Lamb waves directly.
To generate Lamb waves, they have to impinge on the plate
obliquely through a coupling wedge and to use Snell’slaw to
achieve the appropriate mode conversion. On the other hand,
PWASs can excite Lamb and other guided waves directly,
since their “pinching” action parallel to the material surface
isnatural to the guided wave excitation.

Conventional ultrasonic transducers are resonant devices
that work optimally only at fixed frequencies. In contrast,
PWASs are non-resonant transducers, which can cover a
wide frequency range. Figure 21 shows PWAS calibration
in the range 10-600 kHz; their use at up to 2.6 MHz has been
also demonstrated.?® Thus, a variety of guided waves can be
generated with the same PWAS installation.

Conventional ultrasonic transducers generate guided plate
waves only in adirection perpendicular to the wedge edge.3!
In contrast, PWASs transmit and receive guided waves
omnidirectionally.

PWASs are very low profile, unobtrusive, non-invasive,
very low weight, and inexpensive. They can be embedded
inside built-up structures. In contrast, conventional ultrasonic
transducers are bulky, obtrusive, invasive, and much more
expensive.

Conclusions

The main contribution of this paper lies in clarifying,
through theoretical simulation and experimental measure-
ments, the major aspects associated with using PWASs in
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Fig. 20—Analysis of the pulse-echo active-sensor Lamb-wave crack detection experiment: (a) signal recorded on the pristine
panel showing the reflection from the panel edges, and (b) signal recorded on the cracked panel showing, in addition, the
reflection from the crack (1220 mm2, 1 mm thick, 2024 T3 panel; 10 mm long, 0.127 mm wide simulated crack; 7 mm?2, 0.2 mm

thick PWAS)

conjunction with embedded ultrasonics damage detection
and in situ structural health monitoring. The systematic the-
oretical and experimental investigations presented here have
proved the following essentia points.

Thesmall (7 x 7 x 0.2mm?3) non-intrusive PWA Ssusedin
these experiments were capabl e of exciting axial and flexural
Lamb waves that propagate in a circular wave front through-
out athin-gage plate structures. It is conceivable that similar
propagation will also happen in thin-gage shells typica of
aerospace structures.

The same active sensors were also capable of capturing
the elastic wave signals, thus proving their dual functions.
The captured signals were of remarkable strength (up to 50
mVpp) and could be used directly without amplification or
other signal conditioning.

The experimental studies were supported by extensive fi-
nite element analysis that permitted the simulation of axial
and flexural wavesin specimensin pristine conditionsaswell
aswith internal cracks of various sizes.

An excitation “sweet spot” for Sp waves was discovered
at 300 kHz in 1 mm auminum plates. This PWAS mode-
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tuning phenomenon, not yet reported by other investigators,
was essential in the success of our experiments.

The pulse-echo technique, which is essentia for dam-
age detection with ultrasonic methodol ogy, was successfully
demonstrated in both beam and plate studies. In beam stud-
ies, the pulse-echo technique was demonstrated using FEM
simulation of wave propagation in a specimen with a central
crack of varioussizes. In plate studies, the pul se-echo method
was demonstrated by identifying thetrail of echoes resulting
from the wave being reflected from various plate boundaries.

The waves generated during this experiments showed re-
markable clarity and could be easily interpreted. The exper-
iments displayed a very good correlation between the TOF
and the wave path length that permitted the determination of
the wave speed (group velocity) with up to 99.9% accuracy.
This high accuracy will ensure accurate detection of inter-
nal defects when the method is applied in structural health
monitoring.

This theoretical and experimental study of elastic wave
generation and reception has confirmed beyond any doubt
that PWASs could be used to (a) generate true ultrasonic
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waveinthin-gage metallic structures, and (b) simultaneously
to collect the wave propagation signals. The “true” nature of
the generated ultrasonic waves lies in their high frequency
(300 kHz), while previous studies published in the literature
did not go beyond 10-20 kHz. The use of true ultrasonic
frequencies allowed us to use the pulse-echo method with
remarkable success.

The results reported in this paper open the path for ap-
plying the well-established theories and methodologies of
ultrasonic testing to this new emerging field of embedded ul-
trasonics. The use of small and inexpensive PWASs instead
of the conventional costly and bulky ultrasonic transducers
opens up the opportunity for creating arrays of embedded
ultrasonic active sensors that can non-intrusively performin
situ structural health monitoring. Although the active-sensor
experimentsreported herewere conducted only onthinmetal -
lic plates of simple geometries, the findings of this study can
be easily extended to practical geometries and to composite
materia structures.
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