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INTRODUCTION
There are three main classes of defect which occur in adhesive joints: complete disbonds,
voids or porosity in the adhesive layer, poor cohesion (ie a weak adhesive layer) and poor
adhesion (ie a weak interface between the adhesive layer and one or both adherends). The
detection of disbonds, voids and porosity generally presents few problems and significant
progress has been made towards the development of techniques for monitoring the cohesive
properties of the adhesive layer [1]. However, there is no satisfactory method for the detection
of a weak interface between the adhesive and the adherend(s) and this remains one of the major
challenges in NDE. It is the interlayer which is affected by the common problem of slight
contamination due to, for example, grease on the adherend surfaces prior to bonding. The
adhesive/adherend interface is particularly important in aluminium-aluminium joints in which
an inappropriate interface structure can cause greatly enhanced susceptibility to environmental
attack [2]. Inspection of the interlayer is difficult because it is frequently only of the order of
111m thick, compared with an adhesive layer thickness of the order of 100 11m.
There has been considerable interest in this problem for many years and a review of early
work in the field is given by Thompson and Thompson [3]. Ultrasonic methods have generally
been regarded as the most potentially useful and the bulk of the research effort has been
concentrated in this field. Some promising results have been obtained but the capability of the
various possible testing techniques has yet to be fully defined and no technique is ready for
industrial implementation.
Many workers have considered the progressive degradation of the adhesive/adherend
interface as a transition between 'welded' boundary conditions between the adhesive layer and
the adherend in which there is continuity of both normal and tangential displacements across
the interface, and 'slip' boundary conditions in which there is continuity only of the normal
displacements since the 'slip' interface will not transmit shear stresses. Normal incidence
longitudinal wave inspection is not sensitive to this type of degradation so most research has
concentrated on techniques which generate shear stresses at the interface. More sophisticated
models of the adhesive/adherend interface consider the presence of an isotropic or anisotropic
interlayer of finite thickness between the bulk adherend and adhesive. The properties of this
interlayer may vary as a result of different surface preparation procedures during manufacture
or as a result of in-service degradation. The NDE task is then to characterise the properties of
the interlayer and to compare the measurements with the corresponding properties of a
satisfactory interlayer. Again, calculations with likely properties indicate that methods which
produce shear stresses at the interface are more likely to be successful than normal incidence
longitudinal inspection. Four basic categories of technique have been investigated and these are
described briefly below.
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Lamb wave inspection
The use of Lamb wave measurements for the inspection of adhesive joints has been
studied by several groups [4-7]. Jungman et al [6] investigated the changes in the Lamb wave
dispersion curves produced by changes in the adhesive/adherend interface. They showed that
although the dispersion curves are affected by the interfacial conditions, the changes are small
and are unlikely to be reliably measurable. Dewen et al [7] showed that while the Lamb mode
dispersion curves do show significant variation with the properties of the adhesive layer, the
changes produced by small variations in the adherend properties were too large for Lamb mode
measurements to be a viable means of monitoring the cohesive properties of the joint.
Physically, this is because the Lamb modes are modes of the whole joint and since the
adherends are typically an order of magnitude thicker than the adhesive layer, which in turn is
at least an order of magnitude thicker than the adhesive/adherend interlayer, the properties of
the Lamb modes are dominated by the properties of the adherends.
True Guided Modes in the Adhesive Layer
One means of reducing the problem of sensitivity to the adherend properties is to consider
modes propagating in the adhesive layer alone, rather than in the whole joint, the adhesive
layer acting essentially as a waveguide. The idea is that the dispersion characteristics of the
guided modes will depend on the boundary conditions between the adhesive layer and the
adherends and so measurements of the velocities of the different modes will enable the
condition of the adhesive/adherend interfaces to be assessed. This technique has been studied
by several workers [8-11] and the results do demonstrate sensitivity both to the properties of
the adhesive layer and to the adhesive/adherend interface. However, the chief drawback to the
use of true guided waves is that since they do not leak energy into the adherends, they also
cannot be excited by waves propagating through the top adherend from a transducer on the
surface of the joint or in a liquid above the surface. The geometry of most joints in real
engineering structures dictates that the only practical means of introducing ultrasonic waves to
the bondline is via the top adherend, so the use of true guided waves is unlikely to become a
practical inspection technique.
Zeroes of Reflection Coefficient from the Adhesive Layer
Another possible technique is to measure the characteristics of leaky guided modes
propagating in the adhesive layer. These retain the advantage of being insensitive to the
adherend thickness, but they can be excited by waves propagating through the adherends. In
practice, rather than measuring the frequencies and velocities of the leaky guided waves (the
poles of the reflection coefficient) it is more convenient to measure the reflection coefficient
zeroes. In the case of a plate immersed in a liquid of much lower density than the plate
material, the poles and the zeroes are almost coincident, but as the density of the liquid
increases towards that of the plate material, significant separation develops between the poles
and the corresponding zeroes [12]. This separation is even more marked for a solid layer
embedded in another solid material such as the adhesive layer within a joint. The reflection
coefficient zeroes are sensitive to both the properties of the adhesive layer and to the boundary
conditions between the layer and the adherends, and their use for bond inspection has been
investigated by several authors [13-16].
Reflection Coefficient Amplitude from the Adhesive/Adherend Interface
The fourth possible inspection method is to measure the amplitude of the reflection
coefficient from the top adhesive/adherend interface. This has been investigated by a number of
groups over the past ten years [17-20] and has the merit of monitoring only the reflection from
the area of interest. It would therefore be expected to be less sensitive to changes in the bulk
adhesive than the reflection coefficient from the adhesive layer as a whole. However, its major
disadvantage is that it involves an amplitude, rather than a frequency, measurement and this is
likely to be less reliable in practice.
The two methods which could possibly be used to inspect practical joints in which the
waves must be introduced via the top adherend are therefore the measurement of the reflection
coefficient zeroes from the adhesive layer, and measurement of the reflection coefficient
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amplitude from the adhesive/adherend interface. While previous authors have demonstrated
that both techniques may be sensitive to degradation of the adhesive/adherend interface, at least
in cases of severe degradation, the relative sensitivity of the methods has not been assessed.
This paper presents a numerical study of the sensitivities of the two methods. Schematic
diagrams of the inspection regimes for the two techniques are shown in Fig 1. In each case, the
incident wave and the reflected wave(s) of interest are denoted by I and R respectively.
JOINT PROPERTIES
The baseline joint considered in this investigation was a typical aerospace aluminiumepoxy-aluminium joint with a 100 11m thick adhesive layer. Since both the inspection
techniques being considered involve gating out the echoes of interest from the reverberations
within the adherends, both adherends could be considered semi-infinite in the calculations. The
interlayer between the adhesive and the adherends was 3.5 11m thick which corresponds to a
chromic acid anodisation (CAA) surface pre-treatment. The properties assumed for each of the
layers in the baseline joint are shown in Table 1; these properties were used in all the
predictions except where otherwise stated. The properties for the aluminium and the epoxy are
standard values while the velocities of the interlayer are those of aluminium oxide. The
interlayer density is 33% of the value for solid aluminium oxide to take account of the porous
nature of the oxide layer. In reality, the oxide layer has a honeycomb structure [21] so it would
be more accurately modelled as an anisotropic material [14]. However, it was felt that using the
simpler, isotropic model would not be likely to affect the relative sensitivities of the two
techniques, though it could affect their absolute sensitivities. The results presented here were
computed with no attenuation in any of the layers; trials with attenuation in the interlayer and in
the epoxy have shown that at realistic levels, attenuation has little effect on the amplitude of the
reflection coefficient from the adhesive/adherend interface. In the presence of attenuation, the
reflection coefficient from the adhesive layer no longer reduces to zero at its minima, but the
frequencies of the minima are almost unchanged.
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Fig. 1. Schematic diagram of the reflection coefficient zero from the adhesive layer and the
reflection coefficient amplitude from the adhesive/adherend interface techniques.
Table 1. Material properties used in calculations
Layer
adherend
interlayer
adhesive
interlayer
adherend

Thickness
(11m)
semi-inf
3.5
100.0
3.5
semi-inf

Material
aluminium
oxide
epoxy
oxide
aluminium

CL (m/s)

6330
10200
2610
10200
6330

Cs (m/s)

p (kg/m~)

3120
6500
1100
6500
3120

2820
1300
1170
1300
2820
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The required reflection coefficients were obtained using a general purpose program for the
prediction of the interaction of ultrasound with multi-layered structures developed at Imperial
College [22]. All the predictions were made using a plane wave (infmite transducer) model.
ZEROES OF REFLECfION COEFFICIENT FROM THE ADHESIVE LAYER
Fig 2 shows a typical spectrum of the reflection coefficient from the adhesive layer. The
case shown is for a shear wave incident on the adhesive/adherend interface from the aluminium
adherend at an angle of 45°. This is beyond the longitudinal critical angle so the reflected
waves returning towards the top of the adherend are also only shear waves. In an experiment,
a spectrum of the form shown in Fig 2 would be obtained by deconvolving the frequency
response of the transducer from the measured spectrum. The refection coefficient does not
reduce exactly to zero at the minima because of the finite frequency resolution used in the
computation.
Fig 3 shows the location of the first and second zeroes in the reflection coefficient
spectrum as a function of incident angle in the aluminium for the cases of joints with no
interlayer, with 15 !lm thick interlayers at both adhesive/adherend interfaces, and with 3.5 !lm
thick interlayers at both interfaces having shear velocities reduced to 10% of the value given in
Table 1. All the angles considered are beyond the longitudinal critical angle so only shear
waves are propagating in the aluminium. This is the most likely testing region since the
received signals are much simpler than if both longitudinal and shear waves are present. It is
evident from Fig 3 that the frequency of the second zero is significantly different in the three
cases and it was found that this zero was the most sensitive to interlayer property variations. It
was therefore decided to monitor the frequency of the second zero for different joint
conditions. The incident angle studied was 45° which is in the middle of the range shown in
Fig 3.
Fig 4a shows the influence of the interlayer thickness on the frequency of the second
zero, assuming that the thicknesses of the top and bottom interlayers are equal. Also shown is
the effect of reducing the shear velocity of both the top and bottom interlayers at an interlayer
thickness of3.5!lm from the value shown in Table 1 (100%) down towards 10% of this
value. Both parameters have a significant effect on the frequency of the zero, though the
changes with interlayer shear velocity are small until the velocity is severely reduced.
Fig 4b shows the effect of changing the epoxy thickness and velocities on the frequency
of the second zero. A change in epoxy thickness of, for example, 5% corresponds to an
increase in thickness to 105 !lm or a reduction to 95 !lm. In the investigation of the effect of
epoxy velocity, both the longitudinal and shear velocities were changed by the same proportion
as this is the likely effect of slight changes in the curing cycle [23]. Fig 4 demonstrates that
relatively small changes in the properties of the adhesive layer have more effect on the
frequency of the zero than much larger changes in the interlayer properties.
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Fig. 2. Typical predicted spectrum of the reflection coefficient from the adhesive layer
showing the first four zeroes.
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Fig. 3. Variation of the frequency of the fIrst two zeroes with incident angle. + no interlayer;
o 15 ~m thick interlayer; x 3.5 ~m thick layer with shear velocity 10% of that in Table 1.
Symbols indicate calculated values, not experimental data.
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Fig. 4. Percentage changes in frequency of second reflection coefficient zero. (a) with
varying interlayer thickness and shear velocity; (b) with changes in epoxy layer thickness and
velocities (changes expressed as percentages of the values shown in Table 1.) Symbols indicate
calculated values, not experimental data.
REFLECTION COEFFICIENT AMPLITUDE FROM TOP INTERFACE
An initial study showed that the most sensitive reflection coeffIcient to changes in the
properties of the interlayer is the shear-shear reflection at an angle of incidence in the
aluminium of 32°. In addition to giving good sensitivity, this angle is above the longitudinal
critical angle so only shear waves are propagating through the aluminium which makes the
received signals easier to interpret.
Fig Sa shows the frequency dependence of the reflection coefficient from the interface for
different interlayer thicknesses. With no interlayer, the reflection coefficient is frequency
independent and as the interlayer thickness is increased, the reflection coefficient increases and
becomes more frequency dependent. Fig 5b shows the effect of changing the interlayer shear
velocity from the value shown in Table 1 (100%) to 90, 70, 50, 30 and 10% of this value at an
interlayer thickness of 3.5 ~m. Again, signifIcant changes are observed both in the absolute
value of the coeffIcient at particular frequencies and in the nature of the frequency dependence.
Fig 5c shows the effect of increasing the shear and longitudinal velocities of the adhesive layer
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Fig. 5. Predicted amplitude of shear-shear reflection coefficient from the adhesive/adherend
interface at an incident angle on the interface of 32°. (a) effect of interlayer thickness; (b) effect
of interlayer shear velocity (curves are for velocities 100,90,70,50, 30 and 10% of the value
shown in Table 1); (c) effect of increasing shear and longitudinal velocities of the adhesive by
10% when interlayer has the properties shown in Table 1.
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by 10% when the interlayer has the properties given in Table 1. The changes in reflection
coefficient are much smaller than those shown in Figs 5a and 5b for variations in the interlayer
properties. Since measurement of the reflection coefficient from the top adhesive/adherend
interface involves gating out reflections from the bottom of the adhesive layer, changes in the
adhesive layer thickness do not affect the measurements provided that the thickness is not
reduced to the extent that the reflections are not separable with the transducer used.
ADVANTAGES AND DISADVANTAGES OF THE METHODS
The results indicate that, assuming a good interlayer has the properties shown in Table 1,
either of the methods could be used to detect degradation of the layer.
The measurement of the frequencies of the reflection coefficient zeroes from the adhesive
layer has the major advantage that frequency measurements are much more reliable than
amplitude measurements. The transducer requirements are that there is significant energy over
the frequency range of the second zero and that the reflections from the adhesive layer can be
separated from the reverberations within the adherends. Provided the adherends are not much
thinner than 1h;e aerospace standard of 1.6 mm, these requirements can be met with standard,
broadband 10 MHz transducers. The major disadvantage of the method is that the frequencies
of the zeroes are much more sensitive to changes in the properties of the adhesive layer than to
changes in the interlayer. If changes in the interlayer are to be reliably detected it will therefore
be essential to measure the properties of the adhesive layer independently. Dewen and Cawley
[1] have developed a technique which enables the velocity of the adhesive layer to be measured
to an accuracy of about ±6% and the thickness to be obtained to better than micrometer
accuracy. Figs 4a and 4b show that a 6% change in the velocity of the adhesive layer produces
the same change in the frequency of the second reflection coefficient zero as, for example, a
reduction of the shear velocity of a 3.5 ~m thick interlayer to about 33% of its initial value. A
considerable improvement in the accuracy of the adhesive layer property determination is
therefore required for the interlayer properties to be obtained reliably. Another alternative may
be to measure the frequencies of several reflection coefficient zeroes and then to attempt to
solve the inverse problem to obtain both the properties of the adhesive layer and those of the
interlayers. However, this process is likely to be ill-conditioned. If in-service measurements
are carried out and compared with baseline measurements taken at the same position on a joint,
the effect of production variations in the adhesive layer is removed, but in-service changes may
still be due either to changes in the adhesive layer caused by, for example, plasticisation, or to
degradation of the interlayer.
Measurement of the amplitude of the reflection coefficient from the adhesive/adherend
interface and monitoring its frequency-dependence has the major advantage that the results are
relatively insensitive to the properties of the adhesive layer. However, amplitudes are
notoriously difficult to measure accurately and it is also necessary to take measurements using
higher frequency transducers than with the reflection coefficient zero technique. This is
because the method requires the echoes from the top adhesive/adherend interface to be
separated from reflections from the bottom of the adhesive layer. The work of reference 1
indicates that with bondline thicknesses of around 100 ~m, this will require 30-35 MHz
transducers. Oblique incidence reflection measurements at these frequencies will not be easy.
CONCLUSIONS
It has been shown that both measurements of the zeroes of the reflection coefficient from
the adhesive layer and measurements of the amplitude of the reflection coefficient from the
adhesive/adherend interface are sensitive to changes in the interlayer between the adhesive and
the adherend assuming the baseline interlayer properties shown in Table 1. Measurement of the
reflection coefficient zeroes is likely to be much simpler and more reliable than reflection
coefficient amplitude measurements. However, the reflection coefficient zeroes are more
sensitive to small variations in the adhesive layer properties than to relatively large changes in
the interlayer so it is unlikely to be possible to extract reliable values of the interlayer properties
from these measurements without the development of a complementary technique for the
accurate extraction of the adhesive layer properties. It will be necessary to obtain the adhesive
layer velocities and thickness to an accuracy of around ±1 % which is significantly better than is
currently possible. The reflection coefficient amplitude method is much less sensitive to the
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properties of the adhesive layer and appears to be more viable for the extraction of interlayer
properties. However, with practical thickness bondlines, 30-35 MHz transducers must be used
and accurate measurements will be difficult.
Initial measurements using the reflection coefficient amplitude technique have been carried
out. Measurements at normal incidence showed good agreement with the predictions but
measurements at oblique incidence where the method is more sensitive showed relatively poor
agreement. The predictions indicate that a bond with a 3.5 !lm thick interlayer should readily be
distinguishable from one with an interlayer of negligible thickness, but the experiments indicate
that the change predicted with a 3.5 !lm thick interlayer is only obtained when the interlayer
thickness is around 15 !lm. It has been tentatively concluded that the velocities of Table 1 are
reasonable for normal incidence when the waves are travelling parallel to the cell walls of the
oxide honeycomb structure but that at oblique incidence, when the waves are travelling across
the cell walls, the velocities are lower. This reduces the contrast between the interlayer and the
aluminium and so makes the presence of the interlayer more difficult to detect. It is therefore
necessary to include an anisotropic layer in the model and this is in progress, the appropriate
oxide properties being obtained from the work of Wang and Rokhlin [14]. The new properties
will change the absolute sensitivities of both the reflection coefficient amplitude and reflection
coefficient zero techniques but the relative advantages and disadvantages of the methods are
unlikely to be affected.
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