In-Situ Damage Detection of Composites Structures
using Lamb Wave M ethods

Seth S. Kessler®, S. Mark Spearing? and Mauro J. Atalla”
%M assachusetts Intitute of Technol ogy
PUnited Technologies Research Center

EWSHM-2002



ABSTRACT

Codgt-effective and reliable damage detection is critical for the utilization of
composte maerids. This paper describes pat of an experimenta and andytica
survey of candidate methods for in-Stu damage detection of composite materias.
Optima piezoceramic actuator geometry and driving parameters were developed
from the Lamb wave equations. Results are then presented for the gpplication of
this Lamb wave technique to graphite/epoxy specimens containing representaive
damage modes. Linear wave scans were performed on narrow laminated specimen,
sandwich beams, and built-up structures such as compodte plates with giffeners
and a cylinder. Lamb wave techniques have been proven to provide more
information about damage type, <severity and locaion than previoudy tested
methods (frequency response techniques), and may prove suitable for structurd
hedth monitoring agpplications dnce they travd long disances and can be gpplied
with conformable piezod ectric actuators and sensors thet require little power.

INTRODUCTION

Structura Hedlth Monitoring (SHM) has been defined in the literature as the
“acquidtion, vdidation and andydgs of technicd daa to fadlitate life-cycle
management decisons” [1] More generdly, SHM denotes a sysem with the
ability to detect and interpret adverse “changes’ in a gructure in order to improve
relidbility and reduce life-cycle cods. The greatest chdlenge in desgning a SHM
sysem is knowing what “changes’ to look for and how to identify them. The
characteristics of damage in a paticular dructure plays a key role in defining the
architecture of the SHM sysem. The resulting “changes” or damage sgnature,
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 reaionship between various sensors and ther ability to
detect “changes’ in a dructure's behavior. Previous papers have focused on the
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goplication of modd andysis and Lamb wave techniques to narow laminated
coupons [2-4]. Lamb wave methods have recently re-emerged as a reiable way to
locate damage in these materias [5-8]. These techniques have been implemented in
a vaiety of fashions in the literature, which have been presented in previous papers.
Much of the research presented in this paper follows work from the literature,
extending it to various other types of damage, to built-up Structures, and an attempt
to optimize the testing parameters.

LAMB WAVE PROPAGATION PARAMETERS

Lamb waves are a form of éadtic perturbation that can propagete in a solid
plate with free boundaries [9, 10]. This type of wave phenomenon was first
described in theory by Horace Lamb in 1917, however he never atempted to
produce them [11]. The present work utilizes PZT piezodectric paiches to excite
the firg 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 [8]. There is currently no standard or even a
best-practice precedent for damege detection via Lamb wave testing. Severd
procedures have been developed in the literature, each with valuable characteridtics,
and each with some degree of arbitrariness. A magor god of the present research
was to optimize the parameters used to propagate the Lamb waves based upon the
various equations that describe their motion. In previous Lamb wave papers, a
detalled derivation has been presented for the Lamb wave solutions to the wave
equation, and the effects various variables had on the sengtivity of these methods to
damage was discussed [3, 4]. The present work places these findings into sdection
guiddines to choose the agppropriate actuating frequency, pulse shape, and sensor
geometry for a particular Lamb wave gpplication.

Frequency Selection

The fird dep in defining an gppropriate Lamb wave damage detection
solution is to sdect an appropriate driving frequency. This procedure commences
by finding the Lamb solution for the wave equation, and plotting the disperson
curves for each section to be monitored. By entering the materid properties (E, n,
and r) for a paticular materid, the resulting dispersdon curves provide a range of
potentil wave velocities for the Ap mode driven a different frequency-thickness
products. For a given thickness, idedly one would like to choose the least
dispersve driving frequency for the Lamb wave being generated, which generdly
exists where the dope of the phase velocity curve is equd to zero. This is because
a low frequencies, the disperson curves have steep dopes and thus are very
sendtive to amdl variations in frequency meking it difficult to maintan a congant
velocity to predict the ime of flignt. The Ap mode, however, follows a square root
relaionship with frequency until higher vaues thus the frequency needs to be
chosen by a different criteria. The higher the frequency the smdler the dope of the
Ao digperson curve, dthough a a certan point other higher order Lamb waves



begin to exig smultaneoudy and the sgna becomes cluttered. The wave veocities
are dso much fagter at higher frequencies, increasing data acquisition requirements

To bdance these issues, the following procedure should be followed. First
plot the digperson curves for the materid, and locate the frequencies a which the
Rayleigh velocity is obtained and where the A; mode begins to be excited. If the
Rayleigh veocity is bdow the point where the next anti-symmetric mode is
generated (which normdly is not true) then this is the criticd frequency; otherwise
it would be wise to choose a point about 10% below the A; origin point as the
critica frequency. Next, it must be determined if the data acquistion capabilities
are able to capture a wave traveling a this velocity. Typicdly, the data acquistion
rate should be 10 times the frequency of the dgnd it is sampling, so the sdected
driving frequency may have to be lowered if the sampling rate is unobtainable.
Also, with knowledge of the effects of various damage types on the diffness of a
paticular maerid, the resxlution of change for the resultant sgnd, or
“observedhility,” can be predicted in order to determine the detection limitations
with respect to flaw size for a given data acquisition capability.

Pulse Shape Selection

The second set of variables explored was the actuation pulse parameters.
These induded the pulse shape, amplitude and number of cycles to be sent during
eech pulse period. Of the sgnd shapes that were analyzed and experimented, pure
snusoida shapes appear to excite Lamb wave harmonics the mogt efficiently, and
the gpplication of a Hanning window helped to narrow the bandwidth further. For
the present research, a sgnd of 3.5 sne waves under a Hanning window was used.
The number of cycles of a periodic function desired to actuate the piezoeectric
actuator is one of the more complicated decisons to be made for Lamb wave
techniques. The fast Fourier transform (FFT) of a continuous sine wave would
yield a sngle pesk a the driving frequency, however for a few finite cycles the
FFT appears as a Gaussan curve with a 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 the lag sgnd sent and the fird returning reflected
sgnd, 0 the response is more difficult to interpret. An gppropriate 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 dso
convenient to use intervas of haf cyces so that the sent snusoidd pulse becomes
symmetric. Research from the literature has used sgnds varying from 35 to 135
cycles per actuating pulse [5-8].

Actuator Dimensions

PZT piezoceramic actuators were chosen for the present research due to
thar high force output a rdativey low voltages, and their good response qudities
a low frequencies. Waves propagate pardld to each edge of the actuator, i.e.
longitudindly and transversdy for a rectangular paich and circumferentidly from a
circular actuator. The width of the actuator in the propagation direction is not



critical, however the wider it is, the more uniform the waveform crested. As cited
in the literature though, there is an important Snusoidd relationship between
actuating frequency and actuator length [9]. In the direction of propagation the
desired actuator length 2afor most efficient sgnd is.

2a=1&h 19:&8%19 forn=0,1,2,3.. )
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This vaue of 2a could ether be a rectangular sde length or the diameter of a
circular actuator. This equation could aso be used to determine actuator minimum
dimersions, in order to inhibit waves from propagating in undesired directions. For
the experimenta procedures in the present research, PZT actuators of 1.5 cm x 0.75
cm were selected based upon this equation.

Sensor Spacing

Two important concepts to undersand in wave propagation are dispersion
and attenuation. Disperson is the change in wavespeed in a materid with respect to
frequency, which was demonsrated grgphicaly in the previous section. Since the
group veocity is relaied to the rate of change of the phase veocity a a given
frequency, the phase and group veocities are the same for a non-dispersve
materid. Attenudtion is the change in amplitude of a travding wave over a given
digance. While propagating through the solid medium, energy is transferred back
and forth between kingtic and eadic potentiad energy; when this trandfer is not
perfect, atenuation occurs. This loss in energy can be due to heat being generated,
waves lesking into Sdeband frequencies or spreading into different propagation
paths, restraints such as a bonded core, or in the case of composte materids, the
fibers can provide reflecting surfaces, which would deteriorate the transmitted wave
srength. These two concepts influence each other as well, as increased dsperson
causes higher atenuation, and viceversa A mathemaicad approximation to this
corrdation from the literature that relates the attenuation as a function of
propagation distance is.
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where A is the atenuation factor, K is the wavenumber and L is the propagation
disance. The atenuation tends to the dower Rayleigh atenuation vaue as the
specimen becomes thicker.  Andyticd dudies have dso been peformed to
formulate the change in digperson (and hence attenuation) in curved pands [9]. It
was found that the phase velocity is changed by the relationship:

2

x c;, O
Ep:él-i- 2p2icp (3)
W'R" &

where ¢, is the origind phase velocity and R is the radius of curvature. When the
phase veocity digperson curve is adjusted by this formula, the dight increase in
disperson is readily gpparent. Using these two rdationships, an approximation can
be made to determine the appropriate spacing between the actuators and sensors on
a dructure based upon the acceptable signd loss for the voltage sendtivity of the



data acquidtion system. For the present research this was determined to be 25%,
and the estimated actuator-sensor spacing was be calculated to be 0.5m.

EXPERIMENTAL PROCEDURE

The firs st of experiments were conducted on narrow composite coupons,
and was presented in a previous paper. The laminates were 25 x 5 cm rectangular
[90/£45/0)s quas-isotropic laminates of the ASA/3501-6 graphite/epoxy system
with vaious forms of damage introduced to them, including matrix-cracks,
delaminations and through-holes. PZT piezoceramic paiches were affixed to each
gecimen using 3M ThermoBondO  thermoplastic tape. Both the actuation and the
data acquistion were performed using a portable NI-DagpadO 6070E data
acquisition board, and a laptop running LabviewO as a virtud controller. A single
puse of the optima dgnd found in the previous section was sent to the driving
PZT a 15 kHz to gimulate an Ap mode Lamb wave, and concurrently the srain-
induced voltage outputs of the other two patches were recorded for 1 ms to monitor
the wave propagation. The results were compared by peforming a waveet
decompogtion usng the Morlet wavdet, and plotting the magnitude of the
coefficients at the driving frequency [12].

This procedure was aso carried out for beam specimens with \arious cores
a a driving frequency of 50 kHz. Further experimentation examined damage in
more complex built-up specimens. Laminated plates were tested with ribs that were
bonded across the center of each plate usng Cytecd FM-123 film adhesve.
Different configurations induded 25 mm wide duminum C-channd rib and a
composte doubler with and without a center delamination, both usng a driving
frequency of 15 kHz. Next a sandwich congtruction cylinder with a 40 cm diameter
and length of 120 cm was tested. It had two facesheets of amilar layup as the other
tested specimens, and a 25 mm thick low-densty auminum honeycomb bonded
between them. Piezoceramic patches were placed down the length of the cylinder
every 10 cm for 60 cm in severd control regons as well as in a region with visble
impact damage. The driving frequency for this test was 40 kHz because of the
honeycomb core and dightly different layup.

EXPERIMENTAL RESULTS

Detaled reaults for each of the experiments described can be found in
previous papers focusng on Lamb wave experimentation [3, 4]. A few key results
are shown in this paper that demondrate the utility of the presented parameter
optimization procedures for the gpplication of Lamb wave teing. Results from the
narrow coupon tests clearly showed the presence of damage in dl of the specimens.
The most obvious method to diginguish between damaged and undamaged
specimens was by regarding the wavelet decompostion plots, show in Figure 1,
where the control specimens retained over twice as much energy a the pesk
frequency as compared to al of the damaged specimens. The loss of energy in the
damaged specimens was due to reflection energy, and disperson caused by the



micro-cracks within the laminate in the exctation of high-frequency locd modes.
Probably the most ggnificant result of the present research was the “blind test.”
Four high dendty auminum-core beam specimen were tested, one of which had a
known deamination in its center, while of the remaning three soecimens it was
unknown which contained the circular disbond and which two were the undamaged
controls. By comparing the four waveet coefficient plots in Figure 2, one can
eadly deduce that the two control specimens are the ones with much more energy in
the tranamitted sgnds, while the third specimen (Control C) obvioudy has the flaw
that reduces energy to a Smilar levd to that of the known ddaminated specimen.
This test serves as a testament to the viability of the Lamb Wave method being able
to detect damage in a leest smple dructures. Smilar effects of damage were
obsarved in each of the built-up composite dructure cases. By comparing the
diffened plates results, a reproducible sgnd was transmitted across each of the
intact portions of the compodgte diffeners while it was obvious that the dgnd
traveding through the ddaminated region was propagatiing at a different Speed.
Findly, by comparing the axid wave propagation in the control and damaged
regions of the cylinder, it could be seen that the impacted region caused severe
disperson, which atenuated the received sgnd a esch sensor further down the
tube. For dl of the tested specimens, damage was easly perceived by comparing
the wavelet coefficient magnitudes for the control versus damaged signd.

IMPLEMENTATION OF LAMB WAVE METHODSIN AN SHM SYSTEM

Lamb wave techniques have good potentid for implementation in a SHM
sysem. These methods provide useful information about the presence and extent of
damage in compodte materials, and holds the potentid to detect the location of
damage in a dructure. It can be gpplied to a structure with conformable
piezodectric devices. The mgor disadvantage of this method is thet it is active; it
requires a voltage supply and function generating sgna to be supplied.  Another
difficult requirement is the high data acquistion rate needed to gain useful sgnd
resolution. 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. Three to
four piezodectric multi-functioning actuator/sensor patches would be placed in the
same vicinity in order to be able to triangulate damage location based upon
reciprocd times of flight and reflected waves. Another possble scheme could rely
on long grips of piezodectric materid, which would be able to send and receive
large uniform Lamb waves, and integrate the received and reflected energy in order
to determine the dtate of the materid between them. The detalled specifications of
the Lamb wave driving parameters to be used for a particular application would be
designed by the procedure described in the optimization section.



CONCLUSIONS

This paper has explored the optimization of Lamb wave methods for
damage detection in composite materids. A collection of equations is presented to
determine the driving parameters and actuator dimensons for testing. With these
tools, an optima configuration was sdected and severa narrow graphite/epoxy
specimens were tested with various forms of damage. Smilar tests were performed
on sandwich beams and built-up composite structures such as diffened plates and
curved dructures.  Lamb wave methods have the potentid to provide more
information than previoudy tested methods such as frequency response methods
snce they are more sendtive to the local effects of damage in a Sructure.  The
dissdvantage 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 the mogt effective for the in-Stu determination of the
presence and severity of damage in compodte materids of the methods examined in
this research project. Structurd heath monitoring sysems will be an important
component in future designs of ar and spacecraft to increase the feashility of ther
missions, and Lamb wave techniques will likely play arolein these sysems,
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Wavelet Coefficient Magnitudes for 15 kHz Signal Content
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Figurel: Wavelet coefficientsfor thin coupons; compares 15 kHz energy content

Wavelet Coefficient Magnitudes for 50 kHz Signal Contant
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Figure 2: Wavelet coefficients for beam “blind test” ; compares 50 kHz energy content




