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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-sStu damage detection of composite materias.
Reaults are presented for the optimization of Lamb wave techniques agpplied to
quas-isotropic  graphite/epoxy specimens containing representative damage modes.
Linear wave scans were performed on narrow laminated coupons and sandwich
beams by monitoring the transmitted waves with piezoceramic sensors (PZT).
Optima actuator and sensor configurations were devised through experimentation,
and various types of driving sgnads were explored. Lamb wave techniques have
been proven to provide more information about the presence of damage and its
sverity than previoudy tested methods, and may prove suitable for Sructurd
hedth monitoring gpplications since they trave long disances and can be applied
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
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characteridtics of damege in a paticular Sructure plays a key role in defining the
architecture of the SHM sysem. The reaulting “changes” or damage signature,
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 ther &bility to
detect “changes’ in a structure' s behavior.

Severd techniques have been researched for detecting damage in composite
materiads, however Lamb wave methods have recently re-emerged as a reliable way
to locate damage in these materids [2-4]. These techniques have been implemented
in a vaiety of fashions in the literature, including the use of separate actuators and
sensors to monitor  transmitted waves and/or reflected waves, and multipurpose
paiches which both actuste and sense.  Each of these techniques offers their own
unique advantages in detecting certan types of damage with various leves of
andytical complexity. Perhaps the earliest recognition of Lamb waves as a means
of damage detection came in 1960 by Worlton of the General Electric Company [5].
His report invedigated the disperson curves of duminum and zrconium to
describe anayticaly the characterigtics of the various modes that would pertain to
nondestructive testing applications. During the late 1980's and early 1990's work
began on the application of Lamb waves to composte materias. Research
conducted a NASA by Saravanos demondrated, both anayticdly and
experimentdly, the posshility of detecting delamination in composte beams usng
Lamb waves [6, 7]. Smilar conclusons were dravn by Percivd and Birt a the
Defense & Evduation Research Agency, UK, who began focusng their work on
the two fundamentad Lamb wave modes, which will be described further in the
following section [8, 9. Work was dso performed on composite sandwich plates
subjected to impact damage by Osmont and Rose [10, 11].

The mogt successful work to date of using 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 [12, 13]. To dlow the implementation of Lamb waves on a
red dructure, they have been developing flexible, chegp Polyvinylidenedifloride
(PVDF) transducers in order to both generate and detect waves. Their work uses
interdigital  transducer leads to generate highly focused and directiond waves
without higher mode interference, and they have ingpected various metdlic
gpecimens with encouraging results.  SoutiS's group in the Aeronautics department
has focused more on the sensor placement and signal processing issues [14]. They
have chosen to use Lead-Zirconae Titanate (PZT) actuators and sensors over
PVDF snce they require a factor of ten less voltage to generate Lamb waves,
however they are not conformabe. The most complete work from this group can be
found in Vadez's PhD thesis [15]. During the course of his work he performed
many experiments on quas-isotropic graphite/epoxy composite specimens, pulsng
them with Lamb waves in various configurations to detect delaminations. He dso
smulated the propagetion of Lamb waves in plates 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 structures, and an attempt to optimize
the testing procedure and setup. The following 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 [16-
18]. There are two groups of waves, symmetric and anti-symmetric as seen in
Figure 1, that saisfies the wave equaion for this problem. The present work
utilizes PZT piezodectric patches to excite the firgt anti-symmetric Lamb wave (Ao
mode). This wave was chosen since it can propagate long distances with little
disperson, and no higher modes are present to clutter the resulting response waves
[16]. The fundamentd way to describe the propagation of Lamb waves in a
materid is with ther digperdon curves, which plots the phase and group veocities
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 condants.  This equaity must be solved
numericdly for a given set of condant materia properties. Examples of dispersion
curves can be found in severd places in the literature, and will not be focused on in
this paper [12-16].

OPTIMIZATION
Optimization Procedure

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 characteridics. The god of the present research was to
determine experimentdly and andyticdly the effects of various parameters on the
sengtivity of damage detection. These parameters can be divided into three
categories. actuator and sensor geometry, actuation puse, and specimen properties.
The effects of the PZT dimensons were not explored thoroughly in this research
however, snce much literature exists on this topic [19, 20]. The second set of
variables explored was the actuation pulse parameters. These included the pulse
shape, amplitude, frequency and number of cycles to be sent during each pulse
period. These parameters were varied experimentaly on a test specimen to observe
their effects on the generated waves. Two piezoceramic patches were attached to
either end of the specimen, one connected to an arbitrary function generator and the
other to an oscilloscope as seen in Figure 2. For each pulse shape, the various
parameters were changed independently as the transmitted wave was observed in
the oscilloscope. The power-spectral-densties (PSD) of the shapes that produced
the best results were then compared in MatlabO . Similarly the effect of the number
of cycles per period for the different shaped signas was observed in the PSD plots
by compaing the energy dedicated to the principa driving frequency. The more
energy dedicated to the desired driving frequency, the stronger the Lamb wave and
the more accurate the wave speed caculation, and hence the more sendtive and
reliable the damage detection cgpability. The find component of the optimization
andyss mathemdicdly quantified the sgnificance of the specimens geometric and
materid properties. Disperson curves for each proposed specimen configuration



were cregted, and the materia congtarts for the composite laminates to be andyzed
were caculaed by classcd laminaed plaie theory, and then inputted into the
mode [21]. Using the same mode code, each materia congtant such as the tendle
modulus, Poisson ratio and dendty were modified independently, and the effect on
the disperson curves was documented. From the optimization experiments and
andysis, an effective test procedure was determined.

Results
PULSE FREQUENCY

The digperson curves show the relationship between the phase veocity and
pulse frequency. At lower frequencies, fewer Lamb modes are excited so the
response sgnd is more diginguishable, and the veocity is dower so there is more
time sepaating the st and recaeived dgnds meking any changes more
didinguisheble. At these lower frequencies however, the disperson curves have
seep dopes and thus are very sendtive to smdl variations in frequency making it
difficult to predict the time of flight. At higher frequencies, when more modes are
present, the dope then tends to flatten out with the consequence of a shorter wave
pulse carying less or more compressed information of damage. The actuating
frequencies were selected based on their dope and location on the disperson curves
and experimentation using a function generator to determine the maximum response
amplitude for arange of candidate frequencies.

PULSE AMPLITUDE

Increesing the driving voltage proportionately increases the magnitude of
the Lamb wave drain. Driving the actuating PZT a 510V produced a 10-25 mV
response due to the Lamb wave at the sensng PZT, with 1-5 mV of gatic noise
Increasing the amplitude aso increases the signd to noise ratio to yidd a clearer
sgnd. Higher voltage however dso tended to increase the drift in the sgnd, which
deteriorated the resolution capabilities of the data acquistion sysem.  Another
consderation isthat a potential SHM system should be as low power as possible.

NUMBER OF CYCLES

The number of cycdes of a periodic function to actuate with is one of the
more complicated decisons to be made for Lamb wave techniques. The FFT of a
continuous Sne wave yidds a sngle pesk a the driving frequency, however for a
few finite cycles, the FFT appears as a Gaussan curve with its pesk at the driving
frequency. Thus, the more waves sent into a driving pulse, the narrower the
bandwidth and the less disperson.  The problem in a short specimen though, is the
more waves in the pulse, the less time between last sent signd and the firgt reflected
one, so he response is more difficult to interpret.  An appropriate number of cycles
can be determined by the maximum number of waves that can be sent in the time it
takes for the lead wave to travel to the senang PZT patch. It is aso convenient to
use intervals of haf cycles so that the sent snusoidal pulse becomes symmetric.



PULSE SHAPE

Of the signa shapes that were tested, pure sinusoidal shapes appear to excite
Lamb wave harmonics the most efficiently, snce they are periodic, smooth and
have comparativdly quick rise times to ther pesk amplitude as compared to a
parabolic shape. A Hanning window helps to narrow the bandwidth further to focus
the maximum amount of energy into the desired actuating frequency with the least
“goill-over” from neighboring frequencies.

MATERIAL PROPERTIES

To firsg order, the wave vedocity increases with the square root of the
modulus, i.e. an increase in modulus dightly speeds the wave. An increase in the
densty would have the opposte effect however by dowing wave veocity. The
effect of the Poisson's ratio is probably the most complicated, as it appears in the
most terms, however to first order, smdl changes seem to have little to no effect on
the wave veocity. The most draghtforward parameter is the thickness of the
specimen, which has a linear rdaionship with the Lamb wave velocity. The thicker
the specimen the quicker the speed and the higher the disperson rate for a given

driving frequency.
Discussion

Two important sets of results were obtained from the optimization study.
The firsd set was the andytical trade studies performed to predict the effectiveness
of Lamb wave methods in different gpplications. Using the formulations derived by
Lamb, the effects of materid congants and specimen geometry were determined.
By entering the properties for a particular application the resulting disperson curves
provide a range of wave velocities for the Ap mode driven a different frequencies.
If the characteristic wave velocity for a materid is too fast to be acquired, then this
method is not suitable.  Also, with knowledge of the effects of various damage
types on the diffness of a paticular materid, the resolution of change for the
resultant signal, or “observesbility” can be predicted in order to determine the
detection limitations with respect to flaw sze for a given data acquisition cgpaility.

The second result was the determination of the optima test parameters to be
gpplied for a particular materid. Using the digperson curves for a materid, a range
of driving frequencies can be sdected based upon regions of smalest dope and
driving cgpabilities while remaining bedow frequencies that would generate higher
order waves. Next, experimentaly these frequencies can be tuned to find the
optimal frequency in that range to produce the largest amplitude Lamb wave. There
is then a trade between number of waves that can be sent in a pulse and the distance
from fesatures in the sructure.  For the experiments presented in this paper, 15 kHz
was the driving frequency for the thin laminates and 50 kHz for the sandwich beam
specimen, usng a 5V sgnd of 3.5 dne waves. These sets of tools could be used in
tandem by an engineer developing a SHM system to decide if the Lamb wave
method would provide satisfying results for their gpplication, and to determine the
appropriate driving parameters to obtain the best damage detection resolution.



EXPERIMENTAL PROCEDURE

Experiments were conducted on narrow coupons with various forms of
representative  damage, which were manufactured during previous research that
explored frequency response methods [22]. The specimens were 25 x 5 cm
rectangular [90/+45/0]s laminates of the ASA/3501-6 graphite/epoxy system. Three
PZT patches (2 x 0.5 cm) were affixed to each specimen usng a thermoplastic tape,
as shown in Figure 2, for actuation and sensng. To dsimulaie an Ag mode Lamb
wave, dngle pulse of the optimd sgnd, seen in Figure 3, was sent to the driving
PZT patch. Concurrently, the strain-induced voltages of the other two patches were
recorded and plotted as time traces, as seen in Figure 4 Subsequently, a wavelet
decomposition was peformed to separate the daa into its various frequency
components, and by plotting the magnitude of the wavelet coefficient a the peak
driving frequency, the energy remaning from the actuated dSgnd could be
compared [23]. Andogous experiments were performed on sandwich coupons with
various cores, by exciting the Lamb waves a 50 kHz. A find “blind tet” of the
proposed damage detection method was peformed by testing two control
specimens dongsde one with an atificid flaw tha was indisinguishable from the
controls by sight, the results of which can be seeniin Figure5.

The results from dl tests clearly show the presence of damage in dl of the
non-control specimens.  There was a high degree of corrdation in the time traces
between the control specimens, and for the damaged specimens the frequency often
remained the same, however there was a large reduction in amplitude and change in
phase. The clearest results were obtained by regarding the wavelet decomposition
plots, in which the control specimens retained over twice as much energy a the
peak frequency as compared to dl of the damaged specimens. Probably the most
ggnificant result was from the “blind tet” By compaing the four waveet
coefficient plots in Figure 5, one can easly deduce that the two control specimens
are the ones with much more energy in the trangmitted sgnas, while the third
specimen (Control C) obvioudy has the flaw that reduces energy to a amilar 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.

IMPLEM ENTATION OF LAMB WAVE TECHNIQUESIN SHM SYSTEM

Lamb wave techniques have good potentid for implementation in a SHM
sysem. These methods have the potentid to provide useful information about the
presence, location, type, sze and extent of damage in @mposte materids, and can
be applied to a dructure with conformable piezoeectric devicess The mgor
dissdvantage of this method is that it is active it requires a voltage supply and
function generating dgna to be supplied. This can be complicated in a lage
dructure, especidly if the SHM system is to be implemented wirdedy; it has been
suggested in the literature however that PZT can be actuated remotely using radio
frequency waves [15]. Another difficult requirement is the high data acquistion
rate needed to gan useful sgnd resolution.  If a system is sampling @ 0.5 MHz



from severd sensors a large volume of data will accumulate quickly, implying the
need for local processing. The data acquisition capabilities dictate the limitations d
flaw size able to be resolved by a sysem using this method. In order to conserve
power and data storage space, the Lamb wave method should most likely be placed
into a SHM system in conjunction with another passve detection method, such as a
frequency response method. The piezoelectric patches used to actuate the Lamb
waves could passvely record frequency response data until a certain threshold of
change is surpassed, and then trigger the generation of Lamb waves to gan more
specific data about the damaged region. Three to four piezodectric multi-
functioning actuator/sensor patches would be placed in the same vicinity in order to
be adle to triangulate damage location based upon reciprocd times of flight and
reflected waves. The separation between sensing patches would depend on severd
parameters such as the materia properties, damping characteristics and curvature of
the structure, which for flat areas could be as large as 2 meters apart [15]. The
detailled specifications of the Lamb wave method to be used for a particular
gpplication would be desgned by the procedure described in the previous
optimization section. Another useful detection cagpability arises from the fact that
two different optima driving frequencies were necessary for the thin laminates and
the beam dructures. This offers the possbility of having the ability to differentiate
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 prdiminary experimentation
indicates that the potentid of this procedure working exists.

CONCLUSIONS

This paper has explored the optimization and gpplication of Lamb wave
methods to damage detection in composte maerids  Severd mahematicd trade
sudies were preformed to observe the effect of various materia congants and
actuator driving parameters.  Using these tools, an experimental configuration was
sected, and several narrow graphite/epoxy coupon and beam specimens were
tested with various forms of damage. These tests demondrated the feashility of
detecting severad types of flaws in representative compodte dsructures, and this
method was vdidated successfully by a “blind test” of severd beam specimens.
Lamb wave techniques have the potentid to provide more information than
previoudy tested methods such as frequency response methods since they are more
sengdtive to the locd effects of damage to a materia than the globd 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 many other techniques. Overdl, Lamb wave methods
have been found to be effective for the in-Stu determination of the presence and
severity of damage in composte materids.  Future experimentation will be amed a
testing built up sructures usng this technique, and the use of a combined actuator
and sensor.  Structurd heath monitoring systems will be an important component in
future designs of ar and spacecraft to increase the feashility of their missons, and
Lamb wave techniques will likdy play arole in these sysems.
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Figure2: 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




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 50 kHz Signal Content
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Figure5: Wavelet coefficient plotsfor beam “blind test”; compares 50 kHz energy content




