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Abstract

A wide bandwidth 1-3 connectivity piezocomposite air transducer has been used to detect laser-generated ultrasound in a
variety of composite materials. Through thickness waveforms in various carbon fibre reinforced polymer (CFRP) composite plates
will be presented, as well as a selection of Lamb waves. Signals were also obtained in samples of pultruded glass fibre reinforced
composite of different thickness. Using the laser/air-transducer system, images were obtained of machined defects and delaminations
by conventional C-scanning methods, and tomographic reconstruction techniques.
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1. Introduction

Composite materials [1-3] have numerous applica-
tions in engineering, as their structure and properties
may give many advantages over conventional materials.
In particular, these materials are being used in the
automotive and aerospace industries, where weight
must be saved without sacrificing strength. A composite
material typically consists of a base matrix that has been
modified by the addition of a strengthening material,
usually in the form of particles, chopped strands or
whiskers, or continuous fibres. As with any other engin-
eering material or application, components made from
a composite material must be tested for defects to ensure
their reliability in service. There are many different non-
destructive testing techniques which may be applied,
and the use of ultrasonics is well documented [4-6].
Traditional contact testing methods have been used to
test for defects, but as always, there are applications and
situations where contact with the test specimen is either
undesirable or impossible. Some forms of composite are
absorbent to fluids, and so immersion techniques and
conventional wet couplants cannot be used. In other

* Corresponding author.
e-mail: es770@eng.warwick.ac.uk; Fax: +44-1203-418-922.

cases, rapid inspection of large structures such as aircraft
wing panels [7] is required, and any form of contact
will significantly increase the inspection times.

There are several non-contact techniques cited in the
literature, but few are suitable or readily applied to
composite materials. The use of electromagnetic acoustic
transducers (EMATs) [8] and capacitance devices [9]
is restricted to electrically conductive materials. Laser
based systems [10] encounter practical problems when
testing composite materials, in that composites tend to
have rough surfaces and poor optical reflectivity. Hence,
most interferometers and other laser based detectors are
either unsuitable or too expensive and delicate. As
sources of ultrasound, pulsed lasers have been success-
fully used in many situations [ 11-13], and so the main
problem seems to be the lack of a suitable detector. Air-
coupled transducers show promise for this application,
and a variety of different designs are available. The
devices may be divided into two distinct groups, electro-
static or capacitance transducers [14-20] which use a
thin metallised polymer membrane and a contoured
conducting backplate, and piezoelectric transducers
which are either piezopolymers [21,22], piezoceramics
with a suitable matching layer [ 23], or piezocomposites
[24-27]. The work to be described here will demonstrate
that piezocomposite air-coupled transducers are well

0041-624X/96/$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved

PIT S0041-624X(96)00083-2



826 W.M.D. Wright et al. | Ultrasonics 34 ( 1996) 825-833

suited to act as detectors of laser-generated ultrasound
in an entirely non-contact detection system, and follows
on from earlier work where a hybrid laser source/air-
coupled detector was shown to produce good waveforms
in metals [28]. This work has been extended to cover
composite materials, using wider bandwidth detectors,
where it will be shown that non-contact imaging is
possible.

2. The composite materials

Two types of composite material were studied. The
first of these, made by Fibreforce Composites Ltd., was
a selection of pultruded composites [1] and are so
named after their method of manufacture. Fibre bundles
or rovings of unidirectional 10 um diameter E-glass
fibres (local volume fraction 62%), and continuous
filament mats of E-glass fibres (local volume fraction
28%) are pulled through a bath of isophthalic polyester
resin containing 10-15% by volume of caicium carbon-
ate, and passed through a series of rollers and curing
equipment in a continuous process. The weights of mat
and roving used were approximately equal, but the exact
amounts were unknown as the manufacturer considered
this information proprietary. The resulting material has
a fairly random structure as limited control over the
fibre orientation is available. Although not particularly
anisotropic, in practice this material is extremely scatter-
ing and attenuating to ultrasound, and is in most respects
a ‘worst case’. The second group of materials were
carbon fibre reinforced polymer (CFRP) composites
[2,3], and were manufactured by arranging layers of
carbon fibres (Enka Tenax HTA in 12K tows) pre-
impregnated with epoxy resin (ICI 7716H) in the desired
orientations, and then compression moulding them in a
heated press at 120°C. This allowed the composite
structure to be precisely controlled, and so composites
can be classified as unidirectional (all fibres running
parallel to the principle fibre axis), cross-ply (fibre layers
alternately at 0° and 90° to the principal fibre axis), and
quasi-isotropic (fibre layers alternately at 0°, —45°,
+45° and 90° to the principle fibre axis). The nominal
fibre content was 60% by volume which is typical of
this type of composite.

3. The non-contact system

The components of the laser/air-transducer system are
shown schematically in Fig. 1. Ultrasonic waves were
generated in a composite sample by a CO, TEA laser,
delivering 100 ns pulses at 10.6 um with a total energy
of approximately 8 J. These waves were detected using
a wideband piezocomposite transducer and an air gap
of 15 mm between the sample and detector was main-
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Fig. 1. Schematic diagram of the laser/air-transducer system.

tained throughout the experiments. Signals were ampli-
fied using a Cooknell CA6 charge amplifier, captured
using a Tektronix 2430A digital oscilloscope, and trans-
ferred to an IBM PS/2 Model 30 286 PC for storage
and analysis via an IEEE-488/GPIB interface. The com-
puter was also used to move the composite sample using
a Modulynx stepper motor controller, and an X-Y stage
for C-scan images or a linear/rotary stage combination
for tomographic imaging.

4. Piezocomposite receiver design

A 1-3 connectivity composite transducer comprises
an array of piezoceramic pillars embedded within a
passive (usually polymer) filler material. The normal
structure is shown in Fig. 2, where the piezoceramic
pillars are designed to be tall and thin to promote
uniform vibration in the height of thickness direction.
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Fig. 2. A 1-3 connectivity PZT/epoxy composite element.



W.M.D. Wright et al. | Ultrasonics 34 ( 1996) 825-833 827

The properties of such a transducer depend strongly on
the ceramic volume fraction, pillar shape and distribu-
tion, and the characteristics of the filler material. In
theory, composite transducer behaviour may be config-
ured and optimised for a specific application by the
relatively straightforward adjustment of these param-
eters. However the inter relationships between volume
fraction and operational parameters such as mechanical
and electrical impedance, electrical interfacing and trans-
mission sensitivity often necessitate a compromise and
some form of computer modelling is required for optimi-
sation of composite performance. Both linear systems
[26,29] and finite element [2729,30] modelling
approaches have been successfully applied for prediction
of 1-3 composite transducers behaviour. The former is
a uni-dimensional technique that assumes the composite
behaves as an effective homogeneous medium. The
approximation is valid if the composite possesses a
sufficiently fine spatial scale such that all lateral and
inter-pillar resonances are shifted away from the desired
thickness mode. Under certain conditions, this assump-
tion is no longer valid and hence, a more computation-
ally intensive finite element approach would be required
for the comprehensive evaluation of composite behavi-
our. Hence, understanding and optimisation of piezo-
composite behaviour under such conditions is extremely
complex, especially at the lower volume fractions
required for reception applications. Indeed, comprehen-
sive design guidelines are available to quantify the
maximum allowable pillar width to height ratio for a
specific volume fraction [30].

The laser generation/piezoelectric detection hybrid
system comprises essentially a wideband point source
coupled with an inherently narrowband receiver of finite
aperture. Initial experimentation using prototype air-
coupled transducers was described in earlier work [28],
where the remote acoustic detection of laser-generated
longitudinal and shear bulk modes, Rayleigh waves and
various types of Lamb waves was demonstrated.
However, the resonant nature of the detectors employed
in this work required the application of deconvolution
techniques to enhance system resolution capabilities.

In order to progress from this earlier work, it was
necessary to create a reception device of sufficient sensi-
tivity and bandwidth to complement the high resolution
afforded by laser generation. Here, a novel approach to
the design of 1-3 connectivity composite transducers
has been adopted, where the first inter-pillar resonance
can actually be used to extend bandwidth, at the expense
of coupling coefficient and surface uniformity. Finite
element analysis was used to predict the receive band-
width, defined as the —6 dB bandwidth expressed as a
percentage of the transducer centre frequency, for the
transducer, as the ceramic pillar width to height (aspect)
ratio was varied. In this analysis, the ceramic pillar
width and inter-pillar spacing have been kept constant
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Fig. 3. Predicted bandwidth improvement due to coupling between
the first lateral and fundamental resonances in a 1-3 composite
transducer.
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and the transducer thickness varied between 0.6 mm and
2.5 mm, resulting in a spread of aspect ratios from 0.4
to 0.1, respectively. The results from this analysis are
presented in Fig. 3, where it can be observed that the
finite element analysis has predicted a large gain in
bandwidth for an aspect ratio of 0.24. The linear systems
model is included to estimate the transducer bandwidth
when the presence of the lateral mode is effectively
removed from the analysis.

To evaluate the predicted enhancement in bandwidth
for a ‘laterally-coupled’ composite receiver, laser-gener-
ated ultrasound in 12.8 mm thick aluminium has been
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Fig. 6. Frequency spectra of waveforms in Fig. 5.

detected. The transducer (aspect ratio of 0.24) was
constructed from a 15mm PZTS5A ceramic disc and
utilised Ciba-Geigy CY1300/HY 1301 hard setting epoxy
as the filler material. The received signal, in single shot
mode, is shown in Fig. 4(a), from which it can be
observed that the wide bandwidth allows both discrete
multiple longitudinal reflections (L, 3L, etc.) to be seen,
as well as a shear arrival (S) and subsequent mode
conversions (3S, 58S, etc.). To illustrate the operational
bandwidth of this device, the frequency spectrum of a
single through air longitudinal reflection is shown in
Fig. 4(b). This constitutes a —6 dB system bandwidth

400
3090
4.25mm
s
E 200
g
g .0
9.8mm
0.0
-10.0 iﬁwqumm—m
30.0 350 400 450 500 550 60.0 650
Time (us)
Fig. 7. Through thickness waveforms in pultruded composite.
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Fig. 8. Frequency spectra of waveforms in Fig. 7.
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of approximately 150%, with respect to the 950 kHz
centre frequency.

5. Through thickness waveforms and C-scan imaging

Many waveforms were taken in a variety of composite
samples, and so only a fraction will be presented here.
Fig. 5 shows three through thickness waveforms detected
in (a) an 8 ply (1.1 mm thick), (b) a 24 ply (3.3 mm
thick), and (c) a 40 ply (5.5 mm thick) quasi-isotropic
CFRP composite. It can be seen that the wave sets up
a resonant frequency which is determined by the thick-
ness of the plate, as can be seen in Fig. 6 where the fast
Fourier transforms (FFTs) of the differentiated signals
in Fig. 5(a—c) are presented. In conjunction with the
known thickness d of each sample, this frequency f may
be used to evaluate the longitudinal acoustic velocity ¢,
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Fig. 9. C-scan image of (a) a 25 mm square and (b) a 6 mm square

Teflon delamination in a 16 ply unidirectional CFRP plate.

by:
oL =2fd. (1)

The measured frequencies for the 8 ply, 24 ply and
40 ply plates were 1.282 MHz, 433 kHz and 262 kHz
respectively (+6.1 kHz), giving values for ¢ of
2820ms™!, 2860ms™! and 2887 ms™! respectively
(£13ms™1). Similar waveforms were obtained in
samples of unidirectional and cross-ply composite of the
same thickness, as the bulk through thickness velocities
are virtually unaffected by the different fibre orientations.
Signals were also obtained in samples of pultruded glass
fibre reinforced composite with different matrix poly-
mers. Examples are presented in Fig. 7 for (a) 4 mm
thick and (b) 9.8 mm thick specimens respectively, and
the corresponding frequency spectra are shown in Fig. 8.
The relevant resonant peaks were at 427 kHz and
134 kHz respectively (+6.1 kHz), with other resonant
peaks also present. These frequencies gave velocities of
3418 ms ™! and 2632 ms~! (+13 ms™!) for the thin and
thick samples, respectively. These velocities were also
measured using conventional piezoelectric probes and
found to be correct, and so the inequality may be
attributed to the different matrix materials.

Using the laser/air-transducer system, and mounting
the sample on a computer controlled XY stage, it was
possible to produce images of a variety of defects using
through thickness waveforms. By storing the digitised
waveform at each point in the scan, it enabled customised
software to apply a variety of data processing techniques
in both the time and frequency domain, and thus resolve
the defect. In each of the following images, the approxi-
mate size, shape and location of the defect is shown by
a dashed line.

Fig.9 shows (a) 25mm and (b) 6 mm square

i
4°‘°§ 5.6
254
— 52
:E, 30.0{ 50
c 48
L
£ 46
& 200! 44
> 42
4.0
10.0 38
; 36
mv
0.0 10.0 20.0 30.0 40.0 50.0

X position (mm)

Fig. 10. C-scan image of a 10 mm flat bottomed hole in a 32 ply
cross-ply CFRP plate.
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delaminations in a 16 ply (2.2 mm) thick unidirectional
CFRP composite, produced by replacing the centre 8
plies with 8 layers of Teflon tape during the manufacture
of the plate. The size of each defect may be resolved
with some accuracy, but the shape of the 6 mm square
defect has been distorted due to the size of the source
and receiver. Fig. 10 shows the image obtained by scan-
ning a 10 mm diameter flat bottomed hole machined
into a 32 ply (4.4 mm) cross-ply CFRP plate to approxi-
mately half the plate thickness. These images were
obtained by simply measuring the signal amplitude in a
specified time window. Fig. 11 shows images of another
10 mm diameter flat bottomed defect, this time machined
to a depth of 1mm into a 9.8 m thick sample of
pultruded composite. Fig. 11(a) was obtained using the
signal amplitude as before, and Fig. 11(b) was obtained

30.0

250

Y position {mm}
& =3
Q [=)

-
o
o

s -,A,_am,.g
200 250 300

00 50 100 150

(a) X position (mm)
250
200
E :
E
[~4
S
@
4
>
ns
0.0% + v e L
0.0 5.0 100 15.0 20.0 250
(b) X position (mm)

by measuring the shift in time of the first arrival. The
hole may also be seen in the frequency domain, using
the amplitude of a frequency window in Fig. 11(c), and
the shift in frequency of a resonant peak in Fig. 11(d).
The defect can be resolved using both techniques, despite
being almost obscured by a horizontal feature caused
by a resin rich area of composite.

6. Lamb waves and tomographic imaging

Lamb waves [31] were also obtained in thin sheets
of composite, and again, only a selection of waveforms
will be displayed here. Fig. 12 shows a range of Lamb

wave signals taken in an 8 ply unidirectional CFRP
composite plate, with the transducer at various angles
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Fig. 11. C-scan images of a 10 mm diameter by 1 mm deep flat bottomed hole in a 9.8 mm sample of pultruded composite, formed by (a) amplitude
of time domain waveform, (b) shift in time of flight, (c) amplitude in frequency spectrum (arbitrary grey scale), and (d) shift of peak in the
frequency spectrum.
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with respect to the surface of the plate, and the Lamb
waves propagating parallel to the principle fibre axis
over a distance of 50 mm. Lamb waves radiate or ‘leak’
into air at different angles depending on their frequency,
and this can clearly be seen as the frequency content
decreases as the angle increases. Fig. 13 shows the same
scenario, but with the Lamb waves propagating perpen-
dicular to the principle fibre axis. Note the markedly

Transducer angle (°)

Time (us)

Fig. 12. Lamb waves in an 8 ply unidirectional CFRP plate, travelling
parallel to the principle fibre axis.
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Fig. 13. Lamb waves in an 8 ply unidirectional CFRP plate, travelling
perpendicular to the principle fibre axis.

different waveform shapes for the same angle, due to the
presence of different modes in the anisotropic material.
Lamb waves were also obtained in the 4 mm thick
samples of pultruded composite, with examples being
shown in Fig. 14 travelling (a) parallel and (b) perpen-
dicular to the direction of pultrusion, with the transducer
at an angle of 2.5° to the sample. This material does not
appear to possess such a high degree of anisotropy.
Lamb waves may also be used to image defects using
tomographic reconstruction techniques [32-34]. With
the laser source and air-transducer a fixed distance apart,
Lamb waves may be propagated across the defect, and
by moving the sample a small distance d perpendicular
to the propagation direction and taking another wave-
form, a view or ‘projection’ through the defect may be
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Fig. 14. Lamb waves in 4 mm pultruded composite, travelling (a) par-
allel and (b) perpendicular to the direction of pultrusion.
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Fig. 15. Schematic diagram of a tomographic scan.
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built up, each parallel waveform being known as a ‘ray’.
By rotating the sample through an angie o and repeating
the process, a series of different projections can be built
up, as shown schematically in Fig. 15. By using a filtered
back projection algorithm [ 33,34], this series of projec-
tions may be reconstructed to produce an image of the
defect, expressed as change in slowness (the inverse of
velocity) or amplitude.

Fig. 16 shows a selection of images produced using
this technique. The samples were rotated through 180°
in 5° steps, giving 37 projections, and moved through
50 mm in 1 mm steps, producing 51 rays per projection.
Fig. 16(a) shows the image produced for a 5 mm diam-
eter hole drilled through a 1 mm thick sheet of poly-
methylmethacrylate (perspex), and Fig. 16(b) the image
for the 10 mm diameter flat bottomed hole machined in
the 32 ply cross-ply CFRP which was C-scanned earlier.
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Fig. 16. Lamb wave tomography image of (a) a 5 mm diameter hole
through a 1 mm PMMA sheet and (b) of the 10 mm diameter flat
bottomed hole in a 32 ply cross-ply CFRP plate.

Both images were obtained by using the cross correlated
time of flight shift of the low frequency a, mode, and
the defects are clearly resolved by this technique.

7. Conclusions

A novel method for bandwidth extension of 1-3
connectivity PZT/epoxy composite transducers was
employed in the detection of laser-generated ultrasound
in composite materials. Here the composite spatial scale
was configured such that interference between the thick-
ness resonance and the first inter-pillar resonance
resulted in an extremely wideband response. The hybrid
laser/air-transducer system was used to evaluate both
pultruded glass fibre reinforced composites, and carbon
fibre reinforced polymer (CFRP) composite samples.
Through thickness longitudinal waves were used to
determine the acoustic velocity (and thus the elastic
properties) of each material, as well as to produce images
of both delaminations and machined defects by conven-
tional C-scanning techniques. Lamb waves were also
used to image these defects using a filtered back pro-
jection algorithm to reconstruct tomographic images.
The non-contact ultrasonic inspection system described
in this work shows promise in the rapid inspection of
composites and other engineering materials.
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