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1. INTRODUCTION

Since Worlton [1] used Lamb waves to non-destructively test plates there has been a great deal ofinterest in the application of plate waves in NDT. Lamb waves may be used in localised. detailedNDT applications. where the detectability of a given defect may be optimised by choosing themost suitable modes at the appropriate frequency-thickness product. Also, since they areessentially 2-dimensional, Lamb waves are attenuated less rapidly than 3-dimensional bulk waves.and hence may be propagated over considerable distances. Therefore. Lat-rib waves may be used inlong range NDT applications. where a coarse and quick inspection of large plate-like structuresmay be can-led out. However. more than one propagating Lamb wave always exists and velocitydispersion is usually evident. The time history of the response of the flare to an imposed excitaancan therefore only be used to measure Lamb wave amplitudes and ve ocities approximately.because the shape of the response signal will be difl'erent at different positions along the surface ofthe plate. Also. if the group velocities of the Lamb modes exdled are similar, a consida'ablepropagation distance is required before they can be resolved in the time domain.

The key problem associated with the quantitative measurement of the characteristics of pagatingLamb waves is that more than one wave mode can exist at any given frequency. The ore,stande techniques for the measurement of the velocity of dispersive waves such as the hasespectrum method developed b Sachse and Pan [2] cannot reliably be applied since they implicitlyassume that only a single mad); is present. This paper presents an extension of the phase spectrummethod to the case of maid-mode propagation. instead ofcan-ying out a single Fouriertransformation from the time to the frequency domain, a two dimensional Fourier transform isused to convert the data from the time-space plane to the frequency-wavenumber plane. The resultis a lot of amplinrde against frequency and wavenumbu- so the amplitude of a propagating Lambe at any given frequency and wavenumber can be determined. The method is demonstrated onboth numerical and experimental data; further details of the technique can be found in Reference 3.

2. ANALYSIS

In the analysis that follows. the material is assumed to be linear elastic. isotropic. homogeneous.non-piezoelectric and non-absorbing. Assuming a harmonic wave propagating along a plate in thex direction. the displacement on the surface u(x.t). may be described by a general analyticexpression given by Brekhovskikh [4] as.

mm) = an») swim-9) (u
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where .50») is a frequency dependent amplitude constant. m=21tj is the angular frequency. the
wavenumber. k=0)/c. c is the phase velocity and 8 denotes the phase. Taking a two dimensional .
Fourier transform of equation (1) gives the wave amplitude. H. as a function of wavenumber and
frequency:

H(k.f) = no.1) e-i(kx+w0 dx dt (2)

A dismte 2-dimensional Fourier transform may be defined in a similar way to the one-
dimensional DFI‘ given in. for example, Newland [5]. The result of this transformation will be a
2-dimensicnal array of amplitudes at discrete frequencies and wavenumbers. As in the one-
dimcnsional case. aliasing must be avoided by sampling the data at a sufficiently high frequenc in
time. and wavenumber in space. Usually the signal will not be periodic within the temporal and,
spatial sampling windows and leakage will occur. Window functions such as the Hanning
window may be used to reduce this leakage. and zeroes may be padded to the end of the signal to
enable the frequency and wavenumber of the mardmum amplitude to be determined more
accurately. Details of the fast Fourier transfonn algorithm. aliasing. leakage. we padding and
other effects associated with disaete Fourier transforms may be found in standard texts. for
example. Randall [6].

The 2-dimensional Fourier transform method is applied by carrying out aFourier transform of the
time history of the response at each position monitored to obtain a spectrum for each position. At
this stage. an array with the spectral information for each ition in its respective column is
obtained A spatial Fourier transform of the vector (row) ormed by the components at a given
frequency then gives the amplitude-wavenumba-ftequency information In practice a 2-
dimensional fast Fourier transform algorithm (2D-FFl') may be used. In contrast to the phase
spectrum technique of Reference 2. this method enables the amplitude and velocity of different
modes propagating at the same frequency to be determined.

3. NUMERICAL RESULTS

A series of finite element studies has been undertaken in order to check the operation of the
technique. In each case. a single Lamb mode was excited at one end of a plate and the resulting
displacements at a series of points along the plate are monitored in order to sntdy the initial
propagation of the wave and its interaction with boundaries or defects. The {mite element package .
used was FlNEL which was developed at Imperial College [7]. A uniform mesh of 8 noded
square elements was used. the mesh subdivision being selected to give a minimum of 10 nodes
per wavelength. The input signal was a 5 cycle. 1 MHz tone burst in a Hanning window and the
response of the plate was output at intervals of too nsec giving a 'sampling frequency‘ of 10
MHz. Further discussion of the numerical excitation of a single lamb mode can be found in
Reference 3.

Figs la and lb show the normalised time histories of the response of the top surface of a 0.5mm
thick steel plate at x=0 and 100mm respectively. where the input at x=0 was appropriate to excite
only the so Lamb mode. The response of the plate at x=100mm shows that the propagating wave
is essentially non-dispersive and the group velocity is 5.43km/s. Fig in shows the result of
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Fig. la Normalised n‘me hismry of the z—displaeemem at x=0 in all the numerical tests.
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Fig. lb Predicted normalised lime hiSIory a! x=l(X)mm in a 0.5mm thick plate when the input at
x=0 was designed to cull: only so

 

Fig. lc Normalised 3-D lot of the ZD-FFI‘ results of the case given in Fig lb, showing a single
prupagaxing e. 50.
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currying out a 2-dimensional Fourier transform on the 64 equally spaced monitored time histories
between x=lOOmm and x=163rnrn. The results are presented in the form of a 3vdimensicmal plot
of amplitude versus fiequenty and wavenumber. 'me amplitude scale is linear and the units are
arbitrary. (This scale is not shown to improve the clarity of the plot) At each frequency. the

litude is only significant at a single wavenumber. indicating that only one mode. in this case.
so. ts present. The amplitude reaches a maximum at ti frequency of lM'Hz which is the centre
frequency of the excitation tone bursL
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Fig. 2: Predicted na-malised time history atix=50mm in a 3.0mm thick plate, showing the first
passalgleeof the 90 wave and the reflection containing both so and al from the free end of
thep .

 

Fig 2b Normalised 3-D plot of the ZD-FFT results from the reflected wave shown in Fig 2a.
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Frg 2a shows the normalised time history of the response of a 3 mm thick steel plate at x=50mm,
when the input at x=0, which hadthe same amplitude-time relationship as that shown in Fig la,
was appropriate to excite only no The duration of the test was long enough to include the response
of the plane after reflectitm from tlte free end of the plate at x=125 mm. The first wave packet seen
in the response is the a, mode propagating along the plate: its shape has changed very little.
indicating that the wave is essentially non-dispersive at the input frequency-micknessi

On reflection from the end of the plate (240m) more then one propagating mode is present (an is
mode convened), but the modes are superimposed and their amplitudes cannot be determined from
the time history of the response of the plate. Fig 2b shows the result of carrying out a 2-
dimensional Fotnier transform on the time histories of 64 equally spaced positions from x=30mm
to x=67.8mm, when the incident signal (5401.15) was gated out. The maximum amplitude of the
response of the plate is at lM'Hz. which is the centre frequency of the excitation tone burst.
However. at each discrete frequency in Fig 2b there are two distinct wavenumbers at which the
amplitude is a maximum. These correspond to so and a1. Hence. there are two propagating modes
and the amplitudes of the two modes are a function of frequency.

4. EXPERIMENTAL RESULTS

The aim of the experimental investigation was to excite a single Lamb wave and to study its
propagation. Two geese coupled variable angle transducers mounted in a perspex body were used
as the transmitter and receiver. the transmitter being driven by a 5 cycle tone burst at a pre-selected
frequency. The signal from the receiver was captured by a Le Grey 9400 digital oscilloscope and
was thenIgassed to a microcomputer for storage and processing. The receiving transducer was
indexed ng the plate to obtain measurements at 64 equally spaced positions.

The accuracy of positioning the transducer in-these experiments was about 2% of the spatial
sampling interval. However. the quality of the coupling between the transducer and the plate
probably varied asthe transducer was indexed. which introduced errors. It should also be
remembered that the measured response is integrated over the area of the transducer element.
These problems could be reduced by using a transducer consisting of an array of small elements to
capture the time histories.

The plates used in the experimental investigations were approximately 300mm wide and 1m long,
and the average propagation distance was restricted to Zillmm in order to keep the signal-to—noise
ratio high. Individual Lamb waves were selectively excited by applying the coincidence principle
(see. for example, Worlton [1]). The angle of incidence 8 required for the excitation of the

desired mode is calculated from 8 = sin"(cL/c). where cL is the phase velocity of a compression
wave incident on the surface of the plate and c is the phase velocity of the Lamb wave to be
excited, Since the transducers were grease coupled. only motion normal to the plate surface could
be detected. In all the experiments the sampling frequency was BMl-Iz and a 1024 (1k) point
temporal FFl' w'as used.

Fig 3a shows the response of a 0.5mm thick steel plate at 200m from the transmitter, where the
incident angle was appropriate to excite and receive so. The frequency of the excitation tone burst
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Fig. 3a Normalised time history of the measured response at x=200mm in a 0.5mm thick plate
when the excitation was appropriate for so.
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Fig. 3b Nonmlised 3-D plot of the 2D-FFT results for the case of Fig 3a.
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Fig. 4a Normalised time history of the measured response at x=200mm in a 3.0mm thick plate
when the excitation was appropriate for a].
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Fig. 4b Normalised 3-D plot of the ZD-FFl' results for the case of Fig 4a.

was LZMJ-lz and the spatial sampling interval was 1mm. Fig 3b shows the normalised 3-
ditttensional view of the anrplimde-waveniunba-frequency information, which was obtained by
carrying out a 2-dimensionai Fourier transformation of the time histories from 64 equally 5 need

itions between x=l75mrn and x=238mm. The maximum amplitude of the response of e plate
is between 0.8Ml-Iz and LSMHL At each discrete frequency in Fig 3b the wavenumber at which
the amplitude is a maximum corresponds to the so mode. and. as in Fig 1c. no other peak is
evident confirming that only the so mode is observed. The dips in the amplitude of the
experimental results seen in Fig 3b correspond to those in the spectrum of a five cycle tone burst
in a rectangular window [3]; these are not seen in the numerical results because the numerical input
was a tone burst in a Planning window which leads to a smoother spectrum

Fig 4a shows the time history of the response of a 3mm thick steel plate 200mm from the
tr-ansrriitter. when the input signal was intended to excite only a]. the frequency of the
excitation tone burst was lMl-iz and the spatial sampling interval was 015mm. Dispersion is
present. but a discrete wave packet with large amplitude is present and its group velocity indicates
that it is al. Fig 4b shows the normalised 3-D view ofthe arnplirude-wavenumber-fi’equency
information, which was obtained by carrying out a 2-diiriensional Fourier transforrnaiion of the
time histories of 64 equally spaced positions betw¢en x=l75mrn and x=222.25mm. Three modes.
59. s,. and al are present. The different modes are observed in the frequency-thickness regions
where their wavenumber and mode shape are appropriate for their excitation and rwepiion: a,
dominates the response of the plate. its maximum amplitude being measured at lMl-Iz the centre
frequency of the excitation. so is seen only at frequencies below lMHz while 51 is seen at higher
frequencies and has been excited by the sidelobes of the excitation signal.

Proc.I.O.A. Vol 13 Part 2 (199i) 175

 



 

Proceedings of the Institute of Acoustics

QUANTITATIVE MEASUREMENT OF LAMB MODES

The experimental results show that it is very difficult to obtain a pure mode using variable angle
transducers. The plate is excited over a range of frequencies and wavenumbers, the frequency
range being mainly dependent on the number of cycles in the excitation tone burst and whether a
smoothing window is applied. The wavenumber range is mainly dependent on the incident angle
and on the size and shape of the transducers.

The effective frequency range of the excitation may be reduced by using tone bursts modulated by
an appropriate weighting function to reduce the amplitude of the high and low frequency
components. Experimentally. this can be achieved by using an arbitrary function generator to
produce the excitation tone burst.

5. CONCLUSIONS

The ZD—FFI‘ method has been used to measure the amplitudes and velocities of ptopagatin Lamb
waves over a range of frequencies and phase velocities in a single tesL It has been shown t this
technique may be used when there is mule-mode propagation and/or dispersion.

The 2D-FFI‘ method is not affected by the lamb wave propagation distance. indeed the
propagation distance is limited only by the signal-tortoise ratio. This makes the method petentially
ataactive in NDT applications Mule-element transducers are now readily available, thus making
the implementation of the ZD-FFI‘ method commercially attractive. The computational
requirements of the 2D-FF1‘ are fairly modest and it is anticipated that the method could readily be
implemented on a micro-computer interfaced to a data captme system.
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