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Abstract

Whilst the search for a truly large-area inspection system for lap-joint inspection
continues, it is true to say that more conventional methods still have great potential for speed
enhancements. Initial work on high-frequency ultrasonic arrays by DERA and Diagnostic Sonar
has achieved inspection rates of several feet of lap-joint per minute. This method could detect
disbonds of less than 0.1 inch across and corrosion depths of less than 0.002 inch in the outer
skin. Conventional ultrasonics has the potential for rapid high-resolution scanning at up to 12
feet of lap joint per minute.

Several lessons were learned during this evaluation exercise, notably in terms of probe-
handling and the practicalities of scanning with a large array. A better specification for the
ultrasonic requirements was also developed. This paper reports the results of a further study of
ultrasonic array-probe design in order to obtain a flexible coupling mechanism whilst retaining
adequate signal-to-noise, uniformity across the array and ease of handling during lap-joint
inspection. Relative benefits of planar and focused configurations have also been investigated,
together with the implications for array element size and shape.

Introduction

Lap-joint inspection is becoming progressively more important as more aircraft are being
operated beyond their original design life. Ultrasonic Non-Destructive Evaluation (NDE)
techniques have been shown to be useful in corrosion monitoring. Thickness gauging provides a
means for detecting the loss of material and this can be combined with a position sensing system
such as the ANDSCAN® to produce a C-scan map of the corroded area. @- A feature of aging
aircraft is that the condition at the time of manufacture may not have been documented.
Thickness gauging can not distinguish between thinning produced at manufacture or from
subsequent corrosion. The Defence Evaluation and Research Agency (DERA) has therefore
developed a spectroscopic technique for measuring surface roughness of hidden surfaces. b.

These ultrasonic techniques produce a measurement for the point just beneath the
transducer and so need a 2-dimensional scan of the probe to map out an area. This is a slow
process when the scanning is done manually and a variety of approaches have been tried to
achieve a speed increase. Motorised scanning systems can translate the probe over the surface

Page 1 of 10
Lines, Optimization of high-frequency array technology for lap-joint inspection



faster but this high translation speed can produce its own problems with coupling and with
surface roughness. Clusters of transducers allow data to be acquired from a number of locations
in parallel but there are difficulties in getting the transducers to match beam positions and
acoustic performance.

Arrays can be regarded as a special case of this multiple transducer configuration. Each
element is part of the same monolithic structure and this greatly assists beam matching. Signals
from a group of elements can be combined to produce a scan with overlapping beams as well as
the possibility of focusing. Diagnostic Sonar Ltd (DSL) has developed a range of arrays with
integrated multiplexers for increasing inspection speed. These can be used with existing
equipment such as flaw detectors, € with real-time imaging systems, d and have been shown by
DERA to offer significant scan speed improvements with manual mapping. ¢

Some initial work on the extension of these array techniques to inspect lap-joints has
been reported.ﬁ & These arrays had some limitations and so further work has been undertaken
to address these problems. This paper reviews the advantages of the arrays, reports on the current
state of these further developments and outlines the next steps to be taken.

Arrays for lap-joint inspection

Lap-joint inspection requirements

The prime technique for inspection of lap-joints is thickness gauging. The transducers
have to be high frequency and wide bandwidth to produce the short duration pulses needed to
achieve acceptable depth resolution for the thin aluminium alloy sheet of the lap-joint.

The ultrasonic spectroscopy technique developed by DERA, b for surface roughness
measurement makes use of the preferential scattering of high frequencies. Measurement of the
loss of these high-frequency components also requires a wide bandwidth transducer. Early single
element probe investigations suggested that a focused acoustic field could offer improved
tolerance to variations in angle of incidence. Any array implementation should therefore provide
the capability for focused operation.

The width of the lap-joint requires a C-scan swathe of over 100mm and it is desirable to
be able to inspect this in a single pass. The aim was to inspect on a Imm pitch and to try to
achieve a symmetrical acoustic beam profile in each direction. DSL’s piezo-polymer arrays, with
integrated pulser-receivers and scanning electronics, are able to produce 128 overlapping beams
on a 1 mm pitch and therefore were suitable for single pass operation. Focusing in the slice
thickness direction can be achieved by curvature of the elements but this is fixed at manufacture.
Electronic beamforming, by providing differential delays between the signals to and from
adjacent elements, can be varied by altering the delays. However the constraint of matching the
beam profiles in each direction means that a fixed electronic focus is satisfactory.

Arrays - Stepped scanning and focusing

Arrays are used in many fields as diverse as radar, seismology, oceanography and
medical imaging. The common terminology between these fields, such as the term “phased
array”, shows their common ancestry. However, these techniques have evolved in different ways
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in the separate fields and this can give rise to considerable confusion. It is therefore appropriate
to clarify the scanning and focusing mechanisms in this particular application.

Arrays - Stepped scanning

The array is made up of a number of elements, usually identical in size and arranged on a
uniform pitch. A transmit multiplexer is used to connect the excitation signal to a group of these
elements and this group is called the active transmit aperture. The acoustic signals from each
element combine as they propagate through the medium and Huygens’ principle can be used to
predict the acoustic field pattern at any point. If the element width is close to the element pitch
then the field will be similar to that from an unfocused single element probe of the same size and
location as the active transmit aperture. The same principle can be applied to the echoes which
are received on a group of elements known as the active receive aperture. Figure 1a shows the
case where the active transmit and receive apertures are coincident and produce an unfocused
beam similar to that from a conventional transducer with dimensions equal to 3 elements.

The scanning action is achieved by stepping the active transmit and receive apertures
along the array. A scan of overlapping beams is produced if the step pitch is smaller than the
beam width.

Figure 1a. Stepped array Figure 1b. Stepped focused array
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Arrays - Focusing

A conventional transducer can generate a focused acoustic beam by shaping of the piezo-
electric material or by insertion of an acoustic lens in the sound path. In either case the effect is
to make the acoustic path length, from the focus to every point on the transducer, the same value.

This same differential delay mechanism can be implemented by an electronic delay to the
different elements which make up the active apertures and so can produce a focus, as shown in
Figure 1b, where the position of the focus is dependent on the magnitude of the delays. The
focus will be on axis if the delays are symmetric as shown, but they can be made asymmetric to
steer (and focus) the beam off-axis.

Phased-array radar uses the same phase alignment techniques to steer the beam through a
range of scan angles and the terminology has often been adopted for the ultrasound case. This is
felt to be unhelpful since the array shown in Figure 1b scans the beam by stepping the aperture
and the term stepped focused array is preferred here.

Arrays for lap-joint inspection
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Arrays have almost completely dominated the medical ultrasound imaging market and
this has contributed to a rapid drop in cost but they have made relatively little inroads into NDE.
They can be regarded as a distributed data collection system and so have an inherent speed
advantage for area coverage, even if the data is being collected from just one site at a time.

Maximum scan rates

A mechanically-scanned single element probe has a significant inertia and so data has to
be collected “on the fly”. At high scan speeds, the probe will have moved between transmission
and reception and this misalignment provides an upper limit to the scan rate even if there are no
other mechanical constraints. Arrays have no such beam inertia and the transmit and receive
apertures not only remain aligned during acquisition but can be changed to any other position
along the array in a matter of microseconds.

The maximum scan rate of an array is determined by the highest acceptable Pulse
Repetition Frequency (PRF) which in turn is affected by the acoustic characteristics of the target
material. The data acquisition cannot finish until the echoes have returned from the furthest
range of interest and this will be affected by the propagation time in the acoustic delay line. The
next pulse cannot be sent until the echoes from any previous excitations are below the dynamic
range of the display. A steered array uses the same acoustic aperture on each beam and so has to
rely on the ability of the beamformer to reject signals from unwanted directions. The stepped
array can benefit from the fact that the next beam can be far from the previous locations, and the
image frame can be built up from a number of interleaved image fields (like a television picture).
Higher PRFs can be reached without echoes from previous transmissions producing display
artefacts. This ability of arrays to produce a high image frame rate means that they are suitable
for interactive imaging - a feature that has been found to be vital in the medical field.

The ultimate in inspection speed is achieved when multiple beams are produced in
parallel. One option is to transmit a relatively broad beam and produce multiple receive beams
from within it and DSL’s Flaw Imager system uses this approach to double the frame rate by
generating 2 beams from each transmission. The technique can be taken to an extreme where the
whole array is used as a transmitter and the data from each element is recorded in parallel and
the beams are synthesized after reception is complete. However, this is expensive and loses the
benefit of the transmitter beam to improve resolution even though the image frame rate is now
the same as the PRF. If signal to noise ratio (SNR) permits, the signals can be recorded from all
elements whilst each element is excited in turn. The data reconstruction allows for every point in
the image to be in focus for both transmit and receive.

Area coverage

Arrays are also well-suited to area coverage because their precise beam pattern means
they can be readily interfaced to commercially available C-scan mapping systems such as the
ANDSCAN®. Even without the documentation advantages of a C-scan display, the overlapping
beams and wide swathe mean that quick manual inspections can be performed with confidence
that 100% inspection has been achieved.

Arrays have no moving parts and are therefore robust, small and light when compared to
the mechanically driven alternatives and these are all important considerations for the end-user.

Array disadvantages
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Arrays have a number of disadvantages and some of these were encountered during the
project. The prime reason for using arrays is their ability to inspect a line rather than a point and
this means that the acoustic interface with the target is considerably larger than for a
conventional transducer. Maintaining good contact over this large area is a major problem in
practice. A surface-conforming delay line would reduce this problem but even the best
deformable materials have unacceptable high-frequency attenuation.

The high centre frequency is not a problem for small probes but the need to achieve this
over a large array is a significant challenge, especially the task of reducing the variation in
element-to-element properties (both in sensitivity and spectral matching).

Initial design

The key features of DERA’s original design specification included: an array length of
around 128mm; a beam width of 2 to 4mm at entry into aluminium but the actual value should be
matched to within 30% in orthogonal directions; a beam pitch of Imm; a target temporal pulse
length of less than 100ns; uniformity of sensitivity, damping etc. between elements so that no
operator adjustment is needed; acoustic interface to standard flaw detector; beam number
interface to ANDSCAN® system.

Implementation

The only approach in the time available was based on DSL’s integrated array system,
developed for area inspection but at lower frequencies (2MHz - 8MHz). This used piezo-
polymer film as the active component of a 64 element 128mm long array. The low-capacitance
of this material requires localised pulser-receivers for each element and these had been
integrated, along with multiplexers and control circuitry, into the modular assembly seen in
Figure 2.

Figure 2. Structure of array.
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The specification required the beam position to increment automatically at each flaw
detector transmission while the ANDSCAN®™ monitored the beam counter to allow correct
placement in the display. The controller had been designed to interface the array to a wide range
of equipment, from conventional flaw detectors to real-time imaging systems, and so already had
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the necessary beam counters. In practice, it was found that scan speed was optimised by using
the computer to output the desired beam number to the array head, as normally used for B-
scanning. The controller is able to define the size and position of the active transmit and receive
apertures independently and this allows 128 beams from 64 elements even for an unfocused
stepped array.

Some plastics, such as cross-linked polystyrene, have acoustic properties which are
suitable for acoustic delay lines and are therefore widely used with conventional transducers.
The acoustic delay line for the low-frequency version of the array, which doubled as a substrate
for mounting the piezo-polymer film, also used these materials. However, even the least
attenuating of these was found to be unsuitable for the high-frequency lap-joint array.
Experiments on a range of materials found that an aluminium delay line gave good pulse-echo
responses from the test-pieces and so was chosen for the prototype array. Figure 3 shows the
prototype array on the lap-joint with a position sense trolley for interfacing to the ANDSCAN®™
C-scan system and being used with DSL’s real-time B-scanning system.

Figure 3. Prototype array on lap-joint with C-scanning and real-time B-scanning systems.

Whilst the array had given acceptable pulse-echo responses from test-pieces, the results
on real samples were disappointing. Even the small surface undulations of nominally flat target
interfaces were producing regions beneath the array where the couplant film was sufficiently
thick to cause serious reverberations at these frequencies. This will be a problem with all solid
interfaces.

Improved design

The original design had been constrained to use a solid delay line as it had also acted as
substrate for the piezo-polymer film. Experiments confirmed that it was possible to make a
backing block with an appropriate combination of acoustic and mechanical properties over the
large area of the array. This meant the backing block could be used as a substrate so allowing a
deformable delay line to be used. Deformable materials have been investigated for a range of
applications, h and reductions in high-frequency attenuation have been made. A selection of
acoustic rubbers from a variety of sources were investigated but all were found to be too highly
attenuating for this application.
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A logical alternative was to use a water path as it offers the following advantages: low
attenuation at high frequencies; suitable for most surfaces as long as the water path can be
contained; no thin layers to support reverberations; only the longitudinal mode is transmitted;
close impedance match to the piezo-film for wide bandwidth; simple shaping of the backing
block can be used to define the orthogonal focus; the acoustic path length can be easily varied.
There are some disadvantages, including the problem of containing a water path over the large
contact area of an array and the potential for spectral distortion from non-linear propagation, b
but the advantages were felt to be outweigh these.

Design considerations

The original design specification was reviewed in the light of the knowledge gained from
evaluating the prototype array and from the results of further work on spectroscopy for
roughness measurement. b The beam characteristics of the prototype, which used active
apertures of 3 elements on transmit and 2 elements on receive, had been found to be acceptable.
The change of acoustic delay line from aluminium to water involves a fourfold drop in acoustic
velocity and has significantly increased the near-field distance for the same sized aperture. The
option of reducing the element size and pitch by a factor of 2, to operate at the same 25mm range
from the lap-joint, was rejected as the 128mm scan width was still needed and increasing the
number of elements was considered too expensive as well as increasing array head size and
complexity.

It would be possible to operate with the same element pattern as the prototype and run at
increased range to achieve the same beam characteristics. Alternatively, the same array could be
used in the extreme near field though this would involve some compromise in the beam size and
properties. A third option would be to operate with a focused beam at an intermediate range
though here the element size might have to be reduced to get an appropriate angular directivity.

It was therefore decided to manufacture both a 128mm long unfocused array and a set of
focused array segments. These segments would be mounted in a beamformer jig with
configurable electronic focus (but not scanned) so that they could be compared with
conventional focused transducers.

Unfocused array
A 64 element unfocused water-coupled array was constructed as shown in Figure 4a.

Figure 4a. Unfocused array assembly Figure 4b. Response on 1.6mm aluminium skin
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The single beam pulse-echo response in the far-field from a 1.6mm aluminium skin is shown in
Figure 4b and demonstrates the required high frequency (centred at 12MHz) and broad
bandwidth characteristics. The beam response is well-matched along the length of the array as
there are now no longer any thin layers to produce the local reverberations which had been a
problem with the solid delay line prototype. However, the amplitude of the response is critically
dependent on the angle of incidence and so the data acquisition has to be tolerant to this.

Focused array segments

The angular directivity of a range of element sizes was assessed and focused segments
constructed. These have been mounted into a test jig with an electronic beamformer for
comparison with a conventional focused array. A full length array can be constructed once the
optimal combination of electronic and mechanical focus has been found.

Figure 5. A focused array segment in the beamformer test jig.

[

N 1
\

Next Steps
The work reported above is part of a continuing program of development and
optimisation of arrays over a wide range of applications. The next stages include:

e completion of the characterisation of the full length unfocused array and assessing the
performance on real samples;

e cstablishing the practical inspection speed on these real specimens;

e assessing the performance of the focused array segments (in single beam mode) against
conventional focused transducers and defining the optimal focal range and apertures for
implementation as a full length focused array

o the ultrasonic spectroscopy technique for measuring surface roughness requires significant
processing for each C-scan point and could slow down the inspection rate unless the raw data
is processed once the scan is complete. However the reconfigurable co-processor, which is
responsible for the data processing needed to achieve the real-time B-scanning rates, d offers
the potential for doing this spectral analysis in real-time. The specification of the processing
required would be an output from the above work.
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Conclusions

The inspection of lap-joints on aging aircraft is becoming progressively more important
as more aircraft are run beyond their original design life. Conventional ultrasonic gauging can
measure the thickness of material remaining and DERA’s ultrasonic spectroscopy methods can
often clarify whether thinning is due to corrosion. However, these techniques are point
measurements and so time consuming when mapping the large inspection areas.

Ultrasonic array techniques offer the potential of a significant increase in inspection
speed and some earlier work on a high-frequency version of DSL’s integrated arrays has already
been reported. This new paper has reviewed the capability of stepped scanned arrays, outlined
the architecture of the prototype array and discussed some of the limitations of this design.

A revised array structure, where the acoustic coupling is through a water path, was
presented. The pulse-echo performance from a full length unfocused array has been
demonstrated to achieve the requirements of high frequency and wide bandwidth over a long
scan width. Initial assessments suggest that the echo amplitude is still very dependent on the
angle of incidence and care will have to be taken to control this in practice or to use techniques
which are more tolerant of this effect, possibly by focusing. The scan speeds and performance
will now be assessed on real samples.

Segments of arrays with different focus have been fabricated and will now be compared
with the performance of conventional focused probes to establish the optimal specification for a
full length focused array.

These arrays have a generic interface which allows them to be used with equipment
ranging from conventional flaw detectors, through C-scan mapping systems such as
ANDSCAN?®, to real-time B-scanning equipment. Although the array frequency and beam
characteristics were chosen to address the problem of lap-joint inspection, the techniques are
equally valid for many other applications where large areas have to be inspected.
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