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Abstract

We present our perspectives on using laser ultrasound, cauptiedptical detection, to characterise the
properties of plate like structures. The laser soungectzes a wideband signal in spatial and temporal
domains exciting a Lamb wave spectrum over several a&ta@ptical detection picks out the modal
dispersion curves and inverting these mathematically piesalues for thickness, density, modulus and
Poisson ratio with confidence levels of a few per cebur investigations have compared approaches to
dispersion curve measurement involving both 2-D and sinoet FFT to examine different areas of the
specimen. We have compared high peak power impulse extiteitio synthetic pulse generation using
frequency scanned (or Pseudo Random Binary Sequence pulsedpolear sources based on
semiconductor lasers or fibre amplifier based systefshorough analysis of the numerical inversion
process has demonstrated that, with careful optimisatiendata obtained from the sample may be
confidently inverted. Our demonstrations to date haea loa large scale (mm thick by cm longitudinal
dimensions) samples and studies of the application afdheepts to micro-systems are currently under
way.
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1. Introduction

The evaluation of the structural properties of matergaksn essential input both to the
design of structures based upon these materials, and dbssagent of the processes
through which the materials themselves are fabricafédhe macroscopic scale there
are many process-dependent parameters which influence f@epsuch as shear and
bulk modulus, thermal conductivity, Poisson ratio etEor micro and nano scale
structural components, process-dependent factors in betlsutface and the bulk
become very much more influential so that insight thi structural influence of these
parameters is critical. Measurement of materials ptiegeusing ultrasonic techniques
is well established [1-3], and longitudinal and shear veloaiteasurement in
homogeneous and isotropic materials (along with densigw the estimation of
Young’'s modulus and Poison ratio. High resolution schemaee been described [4]
that exploit the high temporal and spatial bandwidthairable from pulsed laser
sources [5] where the ultrasonic frequencies extend t&GHe regime. Of particular
interest at these high frequencies are the possibildiethin film characterisation
(thickness, substrate bonding etc), and microstrucpngperties. In thin plate-like
structures where the acoustic wavelengths are compaoceible thickness, the dominant
acoustic transmission mechanism (along the thickneiggslate), is that of Rayleigh-
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Lamb propagation [2]. Here the influence of boundary cansti{the upper and lower
surfaces of the layer) imposes coupling conditions betweenompressional and shear
waves in the material, giving rise to the familiar retwderistic dispersive propagation
characteristics exemplified in figure 1. It has beemalastrated that such Rayleigh-
Lamb frequency dispersion curves are sensitive to changeaterials parameters [1],
and figure 1 also indicates the effects of 5% chang&®ohg’s modulus and Poisson’s
ratio.
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Figure 1(a) Lamb wave dispersion curves in Figure 1(b) Lamb wave dispersion curves in
aluminium (solid lines) and 10% variation in E aluminium (solid lines) and 10% variatiomin
(dotted lines) (dotted lines)

2. Lamb wave disper sion measur ements and mater ials measur ements
2.1 Experimental Dispersion Measurements

Dispersion curves as illustrated in figure 1 are read#yculated from forward
numerical solution of the characteristic equations usinds teach as Disperse [6].
However the inverse problem of estimating the mater@pgnties from the changes in
the dispersion curves is a more challenging problem agéneral requires some non-
linear optimisation to provide fitting between a forwarehdel and experimentally
measured dispersion relations. The dispersion curvesmayperimentally measured
using either multiple frequency narrowband sources aneivexrs [1] or more
conveniently by employing an impulse source. Such a sopmrceides a broad
spectrum of temporal and spatial frequency componentagrecitand may be used to
monitor the dispersion relations using either shore tiourier transform methods STFT
and re-assignment STFT techniques (for enhanced resolufidn)or 2D FFT
techniques [8]. When using a laser to provide the impuiagcs, it is relatively
straightforward to achieve both the required impulse mret[5], and the impulse in
space (diffraction limited focussed spot). Combined witllaser based detection
scheme (that also provides high temporal and spatiautesd), it is then possible to
measure the resulting displacements at differentipnositin the plate and thus derive
the corresponding dispersion relations [9]. Figure 2 shbavsypical results of such an
experiment which was conducted on an aluminium sampleogippately 1mm thick
over a propagation distance of a few centimetres.
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Figure 2. Experimentally measured Lamb wave dispersiorsiradaminium plate sample 1.84 mm thick,
2D FFT technique

2.2 Considerations for Inversion

Having experimentally measured the dispersion curves inagerial sample, a
significant challenge is in the efficient and accurateersion of the dispersion
characteristics to extract the material paramet@&itge task is to find values of E and
that minimise the error function defined by the sum of sguhfferences between
experimental ¢) and theoreticald) phase velocity values at relevant points of the
dispersion curves:

2 A [e(fic.pEo)-c]’ (1)

WhereA is a weighting factor.

Phase velocity space is used to frame the optimisaroblem due to the linearity of
the materials properties with this parameter (awer regions considered [10]). The
conversion between the{k] space of the experimentally determined dispersiowes
and fw-c] phase velocity space, involves a non-linear faansation which means that
the equally spaced grid of points in wavenumbercepes transformed to a non-
uniformly spaced grid in phase velocity. The digance of this lies in the relative
error in available phase velocity measurements] illustrated in figure 3 where it is
clear that the highest errors in phase velocityamsociated with the asymptotes of the
curves, and also the low frequency —thickness mtodreas of the fundamental modes
S and A. Measurements in these areas will produce casreBpg larger uncertainties
in the elastic properties estimates and shoulcetber have decreased weighting in the
error function of egn (1) associated with them.sTiiaccomplished through application
of the weighting factorl {i/c; ) .
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Figure 4. Sensitivity curves for small changes
in E anadv , isotropic material, E=64.8 GPa,
v=0.3333.

Different modes have widely varying sensitivities to thechanical properties (figure
4) and therefore careful consideration must also be tmatee sensitivity functionse
and s, which correspond to the differences in phase velegctigsociated with small
changes irE andv normalised to the phase velocity. Note thavalues are always
positive (provided regions of negative group velocity negmasotes are avoided [10] )
whilst s, values may take either sign. We therefore modiéwkighting functiom by
a factor & +|s| ) to obtain:

_ (SE +|Su|)

A= c /(f, O)

(2)

In performing the optimisation, a number of strategiesewmnsidered. To compare
performance a downhill simplex (DHS), combined gradient Bme search for non-

linear least squares (LSP) were considered. Figure 5 sBoseparate regions of
experimentally obtained phase velocity data (a), (lj,(@) corresponding to data in the
vertical asymptotic region, central region and horiabasymptote respectively.
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Figure 5. Experimentally obtained points from 3 regioindispersion curves, (a) vertical asymptote, (b)
central region, (c) horizontal asymptote.



This data was presented to both the DHS and LSP algorithaitain the experimental
materials values in table 1. Results from regionsiid)(a) were considerably closer to
real values than from region (a) where the experinhesrtar was higher. Both

algorithms converged to the same final values, with thei-qneagon LSP generally

faster.

Tablel. Obtained property values as function of algorithm and experimental point region
(Target values E=70.7584, v=0.3375)

Region (a) Region (b) Region (c)
E (GPa)| v t (s) E (GPa) v t (s) E (GPa) v t (s)
DHS | 73.0443| 0.3418| 135 71.7341 0.3488 146 70.5618 0.3528 10f
LSP 73.0443| 0.3418| 155 71.7341 0.3488 36.5 70.5618 0.3528 20

2.3 Laser Source Considerations

A significant problem arises from conventional lasérasbnic sources in that the peak
power density associated with short often Q-switchedrlaulses can easily exceed the
ablation and thermal damage threshold of the mateaigdspblem much exacerbated in
thin films. An alternative technique to these short, pghver pulses lies in using
modulated continuous wave (CW) sources such that the peadr i® kept below the
material damage threshold. Although the generatiogiefity is now much reduced,
this is compensated for to some extent by the fattthleaaverage source power can be
raised. Techniques developed in photo-acoustic generatiohg¥&]been extended to
the laser-ultrasonic approach. CW excitation typicadijnploys a narrowband
modulation combined with sensitive lock-in detection, and heen used to measure
dispersion relation in thin films up to around 200 MHz [12fkatcessive narrowband
frequency excitation. An alternative approach liesutifising a broadband approach
using the digital modulation schemes commonly employedspnead-spectrum
communications systems. Use of pseudo-random binary seugRBS) and
correlation detection [13] has demonstrated successfublLaave generation in thin
plates at relatively low frequencies (a few MHZz) tiei by the constraints of the direct
current modulation scheme employed. Both m sequence alag Gade modulation
schemes have been employed with the Golay codes batted to the uni-polar nature
of optical signals. Figure 6 illustrates a typicalnitawave signal detected in this
fashion from a 0.15mm thick steel sample. Since operatias at low frequency-
thickness products (<1MHz.mm) the Aode displays dispersion characteristic of this
region.
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Figure 6. Lamb wave signal generated in thin steel samsplg PRBS modulation of CW laser diode
3. Conclusions

This paper has discussed ongoing work at The University rathStyde into optical
non-contacting techniques for measurement of materialpepres, with particular
application to thin films. We have used conventionghipeak power laser sources to
generate broadband Lamb waves in plates, measured the \w@asiy dispersion
spectrum, and then used different optimisation stratégiestimate the corresponding
material parameter& andv were measured to 1.5% and 3% accuracy respectively. We
have also investigated the use of modulated CW laser spumencrease average
power, but decrease peak power delivery. Using m-sequence afay @Gode
modulation we demonstrated Lamb wave propagation in thel seemples (0.15mm
thickness). Currently we are extending this work to wse power modulation,
followed by optical amplification [12] where we anticipaa significant increase in
available bandwidth.
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