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ABSTRACT

Cost-effective and relidble damage detection is critical for the utilization of
composite materias.  This paper presents part of an experimental and anaytical
survey of candidate methods for in-sSitu damage detection of composite materias.
Experimenta results are presented for the gpplication of Lamb wave techniques to
quas-isotropic  graphite/epoxy  thin  coupons and sandwich beams containing
representative damage modes, including deamination, transverse ply cracks and
through-holes.  Optimization experiments provided a procedure cepable of easly
and accurately determining the presence of damage by monitoring the transmitted
waves with piezoceramic sensors (PZT). Lamb wave techniques have been proven
to provide more information about damage type, severity and location than
previoudy tested methods, and may prove suitable for Structurd hedth monitoring
gpplications snce they travel long distances and can be gpplied with conformable
piezoel ectric actuators and sensors that require little power.

INTRODUCTION

Structural Hedth Monitoring (SHM) has been defined in the literature as the
“acquistion, vdidaion and andyss of technicd daa to fadlitae life-cycle
management decisons” [1] More generdly, SHM denotes a sysem with the
ability to detect and interpret adverse “changes’ in a dructure in order to improve
religbility and reduce life-cycle cods. The grestest chalenge in designing a SHM
sysem is knowing what “changes’ to look for and how to identify them. The
characterigics of damage in a paticular sructure plays a key role in defining the
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achitecture of the SHM sysem. The resulting “changes” or damage dgnature,
will dictate the type of sensors that are required, which in-turn determines the
requirements for the rest of the components in the sysem. The present research
project focuses on the reationship between various sensors and their ability to
detect “changes’ in a structure' s behavior.

Severd techniques have been researched for detecting damage in composite
materids, however Lamb wave methods have recently re-emerged as a reiable way
to locate damage in these materids [2-4]. These techniques have been implemented
in a vaidy of fashions in the literature, including the use of separate actuators and
sensors to monitor  transmitted waves and/or reflected waves, and multipurpose
patches which both actuate and sense.  Each of these techniques offers their own
unique advantages in detecting certain types of damage with various leves of
andyticd complexity. Perhaps the earliest recognition of Lamb waves as a means
of damage detection came in 1960 by Worlton of the Generd Electric Company [5].
His report invesigated the disgperson curves of aduminum and zrconium to
describe anayticaly the characteristics of the various modes that would pertain to
nondestructive testing application. During the late 1980's and early 1990's work
began on the gpplications of Lamb waves to composte materids  Research
conducted a NASA by Saavanos demondrated, both anayticdly and
experimentdly, the posshbility of detecting delamination in composte beams usng
Lamb waves [6, 7]. Smilar conclusons were drawn by Perciva and Birt a the
Defense & Evauation Research Agency, UK, who began focusing ther work on
the two fundamenta Lamb wave modes, which will be described further in the
following section [8-10]. Work was also performed on composite sandwich plates
subjected to impact damage by Osmont and Rose [11, 12].

The most successful work to date of usng Lamb waves for damage
detection has been performed by two separate groups at Imperia College. Since the
mid-1990's, Cawley’s group has been working to optimize the generation of
directiond Lamb waves [13, 14]. To dlow the implementation of Lamb waves on a
red dructure, they have been developing flexible, chegp Polyvinylidenedifioride
(PVDF) transducers in order to both generate and detect waves. Ther work uses
interdigital  transducer leads to generate highly focused and directiond waves
without higher mode inteference, and they have ingpected various metdlic
specimens with encouraging results.  Soutiss group in the Aeronautics department
has focused more on the sensor placement and signal processing issues [15, 16].
They have chosen to use Lead-Zirconate-Titanate (PZT) actuators and sensors over
PVDF since they require a factor of ten less voltage to generate Lamb waves,
however they are not conformable. The most complete work from this group can be
found in Vadez's PhD thess [17]. During the course of his work he performed
many experiments on quas-isotropic graphite/epoxy composite specimens, pulsing
them with Lamb waves in various configurations to detect delaminations. He a0
gmulated the propagation of Lamb waves in plaies usng a finite dement code.
Much of the research presented in this paper follows Vadez's work, extending it to
various other types of damage, to sandwich dructures, and an attempt to optimize
the testing procedure and Setup. The folowing section will discuss the
fundamenta's and mathematics of Lamb wave propagation.



DESCRIPTION OF LAMB WAVES

Lamb waves are a form of eadtic perturbation that can propagate in a solid
plate with free boundaries, first described in theory by Horace Lamb in 1917 [18-
20]. There are two groups of waves, symmetric and anti-Symmetric as seen in
Figure 1, that satisfy the wave equation and boundary conditions for this problem,
and each can propagate independently of the other. The present work utilizes PZT
piezodectric paiches to excite the first anti-symmetric Lamb wave (Ap mode). This
wave was chosen since it can propagate long distances with little digperson, and no
higher modes are present to clutter the resulting response waves [18]. The
fundamentd way to describe the propagation of Lamb waves in a materid is with
their disperson curves, which plots the phase and group velocities versus the
excitation frequency (often shown as a product with thickness). These curves are
derived as solutions to the wave equation for the Lamb wave, and are often describe
in terms of Lamés congants. This equdity must be solved numericdly for a given
st of constant materid properties. Examples of disperson curves can be found in
severd placesin the literature, and will not be focused on in this paper [13-18].

EXPERIMENTAL PROCEDURE
Thin Coupon Testing

There is currently no standard or even a best-practice precedent for damage
detection via Lamb wave testing. Severd procedures have been developed in the
literature, each with vauable characterisics. The preiminary god of the present
rescarch was to determine the effects of various parameters such as actuation pulse
and sensor geometry on the senstivity of damage detecting. The results of this
optimization dudy were used to conduct efficiently the following experimentd
procedure, and are the focus of a separate paper.

The firgt set of experiments was conducted on narrow composite coupons.
The laminates used for the present research were manufactured during previous
research that explored frequency response methods as a means of damage detection,
and were re-used to compare directly the effectiveness of the two methods [21].
The specimens were 25 x 5 cm rectangular [90/+45/0]s quas-isotropic laminates of
the ASA4/3501-6 graphite/epoxy system, which were clamped on one end to match
the boundary conditions from the previous ressarch. Three PZT piezoceramic
paiches were affixed to each specimen, as shown in Figure 2, usng 3M
ThermoBondO  thermopladtic tape o that they were firmly atached during testing,
but could be removed afterwards to recover the specimens for future tests. The PZT
was cut into 2 x 0.5 cm paiches so that the longitudina wave would be favored over
the transverse one, and three patches were used on each specimen to actuate and
accurately measure the tranamitted and reflected waves. Both the actuation and the
data acquisition were peformed using a portable NI-DagpadO 6070E data
acquisition board, and a laptop running LabvienO as a virtud controller. A
Labviewd VI-file was crested which would load an arbitrary waveform from
MalabO and output it a the desred frequency and amplitude, while



simultaneoudy acquiring data on four channds at 600,000 samples per second. The
first channd, which served as the trigger for al of the channds, was connected to
the output channd and actuating PZT, two others were connected to the sensing
piezoceramic patches, and the find channd was connected to a PZT sensor not
attached to the specimen to serve as a control channel to in order to zero out drift.
A sdngle pulse of the optima sgnd found in the previous section, shown in Figure
3, was sent to the driving PZT patch to dimulate an Ap mode Lamb wave, and
concurrently the drain-induced voltage outputs of the other two paiches were
recorded for 1 msto monitor the wave propagation.

The resulting data was then passed to MatlabO where the drift was filtered
out and the waveforms could be compared and andyzed within two specidized
toolboxes. In the sgnd processng toolbox the waves could be easly
superimposed, and a huilt-in pesk detector was used to determine accurately the
time of fligt for each dgnd, and the dday in time of arivd between two
specimens.  Subsequently, in the wavelet toolbox a DB3 wavdet, which was
sdected due to its amilarity to the input signd, was used to decompose the data
into its frequency components. By plotting the magnitude of the waveet coefficient
a the pesk driving frequency, the energy remaining from the inputted signd could
be compared [22]. This procedure was carried out for two of each specimen type a
the optimd driving frequency of 15 kHz.

As with the previous research on frequency response methods [21], various
types of damage were introduced to the specimens. In the firs group, 64 mm
diameter holes were drilled into the center of each specimen. The next group was
compressvely loaded in a 4-point bending fixture until audible damage was heard,
and the third was cyclicdly loaded in the same fixture for 2000 cycles a 80% of
this load with an R raio of —=1. The next two groups of specimens were
delamination specimens which were introduced by two methods. one used a thin
utility blade to cut a 50 x 20 mm dot in one sde, and the other with a Teflon grip
cured into the center mid-plane of the laminate. After the damage was introduced
into each specimen, an x-ray radiograph was taken usng a die-penetrant to help
document the type, degree and location of the damage as shown in Figure 3.

Sandwich Coupon Tests

Anaogous experiments were peformed on sandwich coupons to that of the
narrow laminates in order to test the effect of various types of core materids on the
propagation of Lamb waves. Four dfferent cores were used: low and high densty
(rferred to s LD and HD) aduminum honeycomb, NomexO, and RohacdlO .
Each specimen contained two facesheets identical to the undamaged laminates in
the previous section surrounding a 2 cm thick core, which were adhered usng FM-
123 film adhesive in a secondary curing process. Two controls and two damaged
specimens of each type were manufactured for testing. In the damaged specimens,
a5 x 25 cm piece of Teflon was placed between the adhesve and the core ina
central 2.5 cm region during the cure so that the facesheet would not bond to the
honeycomb to dmulae a ddamination. An additiond gspecimen was dso
manufactured with the high dendty duminum core tha had a 2 cm dianger
circular piece of Teflon placed between the layers on ether sde s0 that it was



indiginguisheble from the controls by sght. This specimen was used for a “blind
test” of the proposed Lamb wave damage detection method, where it was tested
adongsde the two control specimens to determine which had the atificid flaw. The
test satup and data andyss procedure for the sandwich beam experiments were
identicd to that of the thin specimens with the exception of the driving frequency,
which was determined to be optimized at 50 kHz for these tests.

RESULTS
Experimental Testing Results

There were two sats of results obtained for both groups of tests. The first set
of results included the virgin time traces of voltage from the PZT sensor a the far
end of the specimen. For the thin coupons, 1 ms of data was taken and the average
peak voltage was around 20 mV. The time traces for one of each type of specimen
adong with a superimposed control specimen are shown in Figure 5 Similarly, 500
ns of data was taken for the sandwich beams with an average pesk voltage of
around 10 mV. For these specimens, time traces of each control beam are plotted
agang their ddaminated complement in Figure 7. In each of these plots, a “bleed-
through” portion of the sent signal lesking across the dita acquisition board can be
seen a the beginning of the time trace.  Since the channds were dl triggered at the
5V pesk voltage, exactly hdf of the sent sgnd is vishle so this became a
convenient way to messure the time of flight. The second st of results for each
specimen group was the outcome of the wavelet decompostion. For each
specimen, the “bleed-through” portion of the dgnd was filtered out, and the
wavelet coefficent magnitude of the dominant frequency (15 kHz for the thin
coupons and 50 kHz for the beams) was plotted over time. For the thin coupons,
Figure 6 compares these coefficients, and thus the transmitted energy, for one of
each type of specimen. Findly, Figure 8 digolays the coefficient magnitude results
for the “blind test,” compaing the two high dendty duminum core control
specimens with one known and one unknown damaged specimen.

DISCUSSION
Inter pretation of Experimental Data

There are generdly five gods for damage detection, each of which is gained
with increesng difficulty and complexity. The fird is the determination of the
presence of damage in a specimen. The second is an estimation of the extent of
severity of the damage. The third god is to be adle to differentiate between various
different types of damage. The fourth is to be able to caculate where the damage is
located. The find is to estimate the Sze of the damage. It gppears that Lamb wave
methods cary enough information potentidly to meet dl of these gods with a
drategicdly placed aray of sensors and suitable processng codes, however the
current scope of this research focuses on the first two gods.



The results from the narrow coupon tests clearly show the presence of
damege in dl of the specimens. Firg of dl, when the time traces of dl of the
control specimens were overlaid, there was a high degree of vigble corrdation,
egpecidly for the fird hdf of the voltage time trace. The dight vaidion in the
second half of the data can be dtributed to the reflected signas returning from the
far end of the specimen and passng under the PZT sensor again, which may
encounter a dight cutting bias in the composite to cause a change in phase. Of the
atificdly damaged specimens, the Teflonrinduced delamination was mogt eesly
quartified. When compared to the control specimens, these time traces appear a
the same phase and frequency, only having been delayed about 55 ns due to the
damage. For the other types of damage the frequency often remained the same,
however there was a large reduction in amplitude, and a large and varying change in
phase. This time trace was reproducible within a sngle specimen, athough would
not be congstent across multiple specimens with identicd forms of damage. This is
due to the scatter and reflecting of the waves on the various festures of damage
which may not be identicd specimen to specimen, which makes a “damage
sgnaure’ difficult to define  The mogt digtinctly dtered sgnd was tha of the
through-hole, having the same diameter as the actuator and sensor widths, which
had the smdlest voltage magnitude of dl the specimens. The cdearest method of
diginguishing between damaged and undamaged specimens however is by
regarding the wavelet decompogtion plots. The control specimens retained over
twice as much energy a the pesk frequency as compared to al of the damaged
specimens, and particularly contained more energy in the reflected waves. The loss
of energy in the damaged specimens again is due to the disperson caused by the
micro-cracks within the laminate in the excitation of high-frequency local modes.

The sandwich beam results were more difficult to interpret, due to the
damping nature of the cores reducing the voltage generated by the PZT sensors.
The high dengty duminum core, which was the diffest of the four tested, provided
the clearest reallts; the other specimens yielded decreasng magnitude voltages as
the diffness decreased thus increasing the damping factor. There were two basic
trends across dl the specimens.  The first was that the responses of the control
specimens were larger than those that were delaminated for each core type. This is
most likely due to the loss of energy of the wave in a locd mode over the
delaminated region. The second trend was the gppearance of more reflected waves
after the initid pulse in the time trace in the ddaminated specimens, which again
was probably due to other higher frequency modes being excited in the region of
reduced thickness and dampening. Probably the most ggnificant result of the
present research was the “blind test.” Four high dengty duminum beam specimen
were tesed, one of which had a known deamination in its center, while of the
remaning three specimens it was unknown which contained the circular disbond
and which two were the undamaged controls. By comparing the four wavelet
coefficient plots in Figure 7, one can easly deduce that the two control specimens
are the ones with much more energy in the trangmitted sgnds, while the third
specimen (Control C) obvioudy has the flaw that reduces energy to a smilar leve
to that of the known delaminated specimen. This test serves as a true testament to
the viability of the Lamb Wave method being able to detect damage in a least
smple structures.



Implementation of Lamb Wave Techniquesin SHM System

Lamb wave techniques have good potentid for implementation in a SHM
sysdem. These methods provide useful information about the presence, location,
type sze and extent of damage in composte materids, and can be applied to a
sructure with conformable piezodectric devices. The mgor disadvantage of this
method is that it is active it requires a voltage supply and function generating
sgna to be supplied. This can be complicated in a large Structure, especidly if the
SHM sygem is to be implemented wirdesdy; it has been suggested in the literature
however that PZT can be actuated remotely using radio frequency waves [17].
Ancther difficult requirement is the high data acquistion rate needed to gain useful
signd resolution. If a sysem is sampling & 0.5 MHz from severd sensors, a large
volume of daa will accumulate quickly. The data acquidtion cgpabilities dictate
the limitations of flav dze able to be resolved by a sysem usng this method. A
ussful detection capability however arises from the fact that two different optima
driving frequencies were necessary for the thin laminates and the beam dtructures.
This offers the posshbility of having the ability to differentiste between damage
within the laminate versus damage between the laminate and the core by discretely
driving a two different frequencies. This procedure was not explored during the
present research, however preiminary experimentation indicates that the potentiad
of this procedure working exigs.

CONCLUSIONS

This paper has explored the gpplication of Lamb wave methods to damage
detection in composite materids. Using an optima procedure determined in prior
research, severd narrow graphite/epoxy specimens were tested with various forms
of pre-exiging damage. Smilar tests were dso performed on narrow sandwich
beams usng various cores. These tests demondrated the feashility of detecting
severd types of flaws in representative composite structures, and this method was
vaidated successfully by a “blind tet” of severd beam specimens.  Andytica
modeling of these specimens yidded a amilar concluson. Lamb wave techniques
have the potentid to provide more information than previoudy tested methods such
as frequency response methods since they are more sengtive to the local effects of
damage to a materid than the globa response of a dructure. The disadvantage of
Lamb wave methods is that they require an active driving mechanism to propagate
the waves, and the resulting data can be more complicated to interpret than for
many other techniques. Overdl however, Lamb wave methods have been found to
be effective for the in-Stu determination of the presence and severity of damage in
compodte maerids. Future experimentation will be amed a teding two-
dimensond and built up dructures usng this technique, and the gpplication of
Lamb wave methods usng a snge multi-purpose actuator and sensor.  Structural
hesth monitoring sysems will be an important component in future desgns of air
and gpacecraft to increese the feashility of ther missons, and Lamb wave
techniques will likely play arole in these sysems.
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Figure 1: Graphical representation of A and S Lamb wave shapes

Figure 2: CFRP specimen (250mm x 50mm) with piezoceramic actuator and sensors




Actuation Signal: 3.5 Sine Waves in a Hanning Window
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Figure3: Actuation signal used to generate Ao Lamb mode, 3.5 sine waves at 15 kHz

Figure4: X-Radiographs of damaged specimens:
a.  Control specimen with no damage present
b. Stress concentration specimen with drilled through-hole
c. Matrix-crack specimen with fatigue induced damage
d. Delamination specimen cut with athin utility knife at the mid-plane




Unfiltered Woltage Data of Ao Lamb Waves from PZT Sensors
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Figure4: Time-trace of voltage signal from PZT sensor 20 cm from actuator, 15 kHz signal
Solid lines are damaged specimens; control is superimposed as a dashed line

Wavelet Coefficient Magnitudes for 15 kHz Signal Content
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Figure5: Wavelet coefficient plots for thin coupons; compares 15 kHz energy content




Unfiltered Vaoltage Data of Ao Lamb Waves from PZT Sensors
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Figure6: Time-trace of voltage signal from PZT sensor 20 cm from actuator, 50 kHz signal
Solid lines are undamaoed beam controls, debonded specimens

Wavelet Coefficient Magnitudes for 50 kHz Signal Content
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Figure7: Wavelet coefficient plotsfor beam “blind test”; compares 50 kHz energy content




