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Abstract 
Adhesive bonding of structural components is a technique becoming increasingly important in engineering in 
general. Its remarkable advantages have to be seen in the ease of the joining process in terms of speed and cost 
when compared to other joining techniques being around. To fulfil the future requirements of integrated 
lightweight construction in automotive and aircraft manufacturing, qualification and use hybrid joining 
technologies are in needs in which the adhesive bond includes functions such as sealing, heat dissipation or noise 
absorption. However, its inspection can become a significant issue for various reasons. One reason is the amount 
of bonding length, which significantly increases in structures such as automobiles and also aircraft and where an 
inspection technique is required that meets the high inspection requests and additionally is able to reliably operate 
in a manufacturing and assembly environment. Another reason is the request to reliably find the tolerable 
imperfections within a bond, which range from missing to kissing bonds. This article will present a way on how 
to numerically simulate guided waves in an adhesive bond being generated through air coupled ultrasound and 
what parameters need to be considered such that a best performance is achieved. It will also be shown how guided 
waves travel in a bonded structure and that the phenomenon of leaky waves may be an interesting source for 
monitoring. The numerical results will be reflected by some experimental results, which have been obtained for a 
disbond and first conclusions will be drawn as to how far the method evaluated can be used for in-line inspection. 
Based on the theoretical description of the testing problems, this article will present first results using aircoupled 
ultrasonic technology for testing bonded joints under a series production conditions. 
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1.  Introduction 
Bonding is a technology being increasingly applied in joining structural components. Its 
structural integrity may often be questioned because of the lack in fully understanding the 
damage mechanisms and as a consequence on how to detect those reliably. The most critical 
case in that regard is ‘kissing bonds’ which people have been researching on for decades and 
where still a reliable solution does not exist. Even if a solution based on NDT would exist in 
that regard there would be no guarantee that this solution would meet all the requirements set. 
A set of requirements, which specifically apply within the aeronautical and automotive industry, 
and possibly with many others are the speed, ruggedness and precision of the NDT technology 
to be applied combined with its ability for automation and possibly also cost. 
The study presented here deals with the use of air-coupled ultrasound to be used to generate 
guided waves travelling through a bonded joint. The first part of the paper deals with the ways 
and options on how to numerically simulate the inspection process before getting the technique 
validated through experiments and discussed in terms of its use with regard to automation. 

2.  Guided Wave Simulation in Adhesive Bonds 
Ultrasound being one of the most popular NDT techniques is the technique to be applied and 
discussed here. Within ultrasonics guided waves play an increasing role of which the principle 
is briefly described below. Numerical simulation, which has become increasingly powerful 
over the past has become a tool to verify the potentials of a NDT technique before getting it 
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verified through experimentation. This paper therefore tries to show how far air-coupled 
induced guided waves techniques can be used can be explored through simulation before getting 
it realised in hardware. 

2.1 Adhesive Bonds and Potential Defects 

An adhesive bond as schematically shown in Fig. 1 consists of two pieces of material being 
joined by an adhesive. Application of the adhesive may require specific care regarding the 
surface treatment of the material to be bonded, the environmental conditions and the curing 
procedure to be applied. Quality of the bonding process will therefore have an influence on the 
bond as well as its endurance and will result in damages either occurring during the 
manufacturing process and/or during the bonded component’s operational life cycle. Damages 
to be observed may include but may not be limited to porosity, voids, cracks or disbonds. 
Severity of those damages is defined by an allowable size of a damage that has to be determined 
based on damage propagation threshold value and a damage tolerance criterion in the end. 
However, severity of damage detection may be aggravated by the fact that material impedance 
(acoustic as well as electromagnetic) within the bond may be the same, which is the major 
problem when facing the effect of kissing bonds. 
 

 
Fig. 1  Schematic of an adhesive bond and potential damage mechanisms 

 

2.2  Ultrasonic Inspection of Adhesive Bonds 

For reasons of ease and efficiency of inspection a bond may be inspected by ultrasound best 
from one side only. This can be either done in a pulse-echo or a pitch-catch mode. Since 
adhesively bonded structures are usually of a constant geometric shape the application of guided 
waves may be of a specific interest. Guided waves are a special type of ultrasonic waves and 
are hence generated the same way as ultrasonic waves do. From the different options ultrasonic 
waves can be generated air-coupled ultrasound has the advantage that air can be used as the 
coupling medium and no additional coupling medium has to be used. However, the 
disadvantage with this approach has to be seen in the strong impedance mismatch between air 
and the medium to be inspected which can easily be in the range of 150 dB/m or more, 
depending on the frequency (i.e. 1 MHz) and the operational temperature being applied. On the 
other hand, the energy required to generate a guided wave in a component is low, because the 
guided wave represents an eigenfrequency situation. Fig. 2 shows the principle of inspecting a 
bonded joint on the basis of an air-coupling generated guided wave in the type of a Lamb wave. 
The Lamb wave by its nature is mainly travelling through the specimen in case the specimen’s 
cross-section stays constant and there is a decent acoustic impedance mismatch between the 
specimen and its environment, while only a limited portion of the wave ‘leaking’ out of the 
specimen being the portion that can be recorded in case the air-coupled ultrasonic principle is 
also used in the sense of a pitch-catch approach. 
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Fig. 2 Principle of air-coupling induced guided (Lamb) wave based monitoring applying the 

pitch-catch mode 
 

2.3  Determination of Dispersion Curves 

Guided waves are dispersive waves and as such their velocity depends on the frequency being 
applied. Lamb waves are a subsection of guided waves and include longitudinal (compressive) 
and transversal (shear) waves being the two most characteristic guided wave types. The 
longitudinal waves travel along their polarisation direction and are therefore also specified as 
‘compressive’ while the transversal waves travel orthogonal to the direction they are polarised 
and are similarly specified as ‘shear’. To generate a guided wave a Hanning windowed signal 
group is generated that can be described by the following equation: 

    2

0

2
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P t P ft t f

             

where f is the frequency, P0 the initial pressure and t the time respectively. Further details 
regarding guided waves can be found in literature (i.e. [1-3]).  
Simulation of the bonded joint has been made on the basis of a 200 mm long strip as 
schematically shown in Fig. 3. Determination of the dispersion curves has been done on the 
basis of the commercial tool CIVA-GWT [4] for which the results are shown in Fig. 4. These 
results matched very well with a similar simulation case published in [5]. Besides the fairly 
complex dispersion curves CIVA-GWT also allows the displacements to be determined of 
which an example is given in Fig. 5, which again matches well with results published in [5]. 
 

 

Layer Material 
Longitudinal 
wave velocity 

(�/�) Transverse wave 
velocity (�/�) Density 

(��/��) 
Thickness 

(��) 

1 Aluminum 6400 3200 2760 1 
2 Betamate 1015 1-K 1850 850 1080 0.1 
3 Aluminum 6400 3200 2760 1 

 
Fig. 3 Schematic, dimension and input parameters for bonded joint model 
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Fig. 4 Dispersion curves obtained from CIVA-GWT simulations for bonded joint: phase 
velocity (top), group velocity (bottom) 

 

 
Fig. 5 CIVA result of the wave structure of mode M1 for 1MHz 

 

2.4  Air-Coupling Induced Guided Waves 

To understand the influence of different parameters in air-coupling induced guided wave 
inspection of adhesive bonds a simulation has been performed based on the Comsol® 
Multiphysics tool. The model being used is shown in Fig. 6 and consists of the transmitter, the 
bonded joint and the receiver respectively. An absorption material has been placed between the 
transmitter and the receiver to avoid a direct coupling between the two transducers. The 
parameters to be optimised through the simulation process included the incidence angle of the 
transmitter and the receiver respectively, the distance between those two transducers as well as 
the air gap between those transducers and the bonded joint. For the initial conditions the 
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incidence angles were set at 10° and the air gap at 20 mm for each of the transducers 
respectively. Temperature was supposed to be 293.15° K and pressure 101.3 kPa respectively. 

 
Fig. 6 Schematic of the test set-up used for modelling 

The pressure P0 of the transmitter was set at 1 Pa and the frequency at 1 kHz respectively with 
the transducers being considered as a point probe. To meet the Nyquist criterion regarding the 
wavelength the mesh size has been kept at 0.3 mm and the sampling frequency at 1 MHz.  
Fig. 7 shows a simulation result 100 μs after transmission of the signal where the amplified 
symmetric/longitudinal S0 and the antisymmetric/transversal A0 mode can be clearly seen, 
specifically also the leaky wave, which is going to be recorded. A resulting signal to be recorded 
at the receiver is shown in Fig. 8 as an example. It can be seen from the two figures that the S0 
mode is fairly weak and that emphasis may have to be placed on the much stronger A0 mode. 
Similar results as the ones shown in Fig.s 7 and 8 have been published in [6] and are considered 
as a proof that the simulation model used here holds. 

 
Fig. 7 Simulation of guided wave propagation and a leaky wave dissemination in a bonded 

joint 100 μs after actuation signal generation 
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Fig. 8 Amplified leaky wave time domain signal recorded by receiver 

 

3.  Inspection Parameters Optimisation 
Different parameters need to be significantly considered when efficiently applying the air-
coupling induced guided wave inspection technique onto bonded joints, which includes the 
incidence angle of the transducers, the lateral distance between the transmitter and the receiver, 
the air gap between the transducers and the bonded structure, and the type of transmitter 
respectively. These parameters have been analysed through simulation to form the optimisation 
process of analysing the respective NDT approach and the results are presented below.= 

3.1  Transducer Incidence Angle 

To determine the optimum incidence angle of the transducers (transmitter and receiver) through 
simulation the incidence angle was initially set at 5° and then gradually varied in steps of 10° 
between 10° and 50°. The parameter chosen to assess the performance has been the attenuation 
of each of the modes S0 and A0 where the result of this is shown in Fig. 9 below. As already 
seen from Fig. 8 the A0 mode is the generally dominating mode for which the optimum 
condition is achieved at an incident angle of 10°. 
 

3.2  Lateral Distance Between Transmitter and Receiver 

As already highlighted in Fig. 6 an absorbing layer is required between the transmitter and the 
receiver in case the two transducers are too close to each other. On the other hand if the two 
transducers are too far apart from each other, the signal transmitted attenuates too much and 
recording of the leaky waves become too complicated. A reasonable distance that has been 
chosen is 100 mm and which has been applied throughout the study. 

3.3  Air Gap Between Transducer and Specimen 

The extreme impedance mismatch between the air and the solid body specimen to be inspected 
leads to a significant attenuation of the signal in case the air gap is kept fairly small, due to the 
numerous reflections taking place between the transducer and the specimen. However, also 
when the gap is kept very large the signal’s attenuation is highly significant. An optimum has 
therefore to be seen in between. For an optimum incidence angle of 10° the air gap has been 
gradually increased by steps of 10 mm between 10 and 50 mm. As can be shown for the two 
conditions of 10 and 50 mm air gap respectively, the difference in the maximum amplitude of 
the A0 mode is not relevant while only the arrival times of the signal move due to the longer 
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distance. However, with the 10 mm air gap, higher modes do interfere with the signal, which 
do not interfere when the air gap becomes bigger. 
 

 
Fig. 9 Change of signal attenuation due to variation of the transducer incidence angle 

 

 
Fig. 10 Time domain signal recorded for two different air gaps: 10 mm (left) and 50 mm 

(right) 

 

3.4  Air Bubbles in the Bond 

Simulations were also performed for the case that air bubbles are in the bond. For this case the 
transducer incidence angle was again kept at 10° and the air gap was set at 20 mm respectively. 
Fig 11 shows the time domain signals obtained for the two conditions and it can be seen that a 
mode conversion takes place at possibly one of the higher modes, that looks to be an indicator 
for the air bubbles.  

 

S0 S0 

A0 A0 
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Fig. 11 Time domain signal recorded for two different conditions: perfect bond (left) and 
bond with air bubbles mm (right) 

3.5  Use of a Focused and a Boundary Probe 

Due to the high attenuation of the acoustic signal in the air coupling, focused transducers may 
be advisable to be used in the case of air-coupled ultrasound. In this case the transmitter is 
shaped as a concave lens that focuses the acoustic signals emitted onto a focal point. This 
transmitter has been considered to work at 500 kHz, to have a focal length of 50 mm and a 
physical length of 23 mm respectively. The receiver had been additionally turned from a point 
probe to a boundary probe. A boundary probe can collect the signals at all the points on the 
receiver’s surface and compute the average value. According to Snell’s law the angles of the 
leaky guided waves for modes A1, S0 and A0 are 2.4°, 3.7° and 9.7° respectively. If the angle 
of the boundary probe is therefore set at 9.7° the A0 mode is clearly selected as shown in Fig. 
12. 
 

 
Fig. 12 Wave mode filtering by use of a boundary probe 

 

3.6  Influence of a Bond Gap 

The influence of a 20 mm gap in the bond as schematically shown in Fig. 13 has been analysed 
through simulation considering the focused transmitter and the boundary probe as described 
above. The time domain signals can be seen in Fig. 13 as well and it becomes apparent that the 
difference in amplitude and phase can be recognised but may not be extremely significant. The 
experimental proof of this effect is still pending. 
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Fig. 13 Simulation of the A0 mode behaviour (bottom) for a 20 mm disbond in an adhesively 

bonded joint (top) 
 

4.  Experimental Validation 
The parameters varied in terms of optimisation in the simulations mentioned above have been 
validated through experimentation with a commercially available air-coupled ultrasonic testing 
system. It has been shown that a maximum of the A0 mode is achieved when the incident angle 
of the transmitter is around 10°. As for the lateral distance between the transmitter and the 
receiver the distance has been varied between 50 and 130 mm and it has been seen that the 
maximum amplitude of the A0 mode drops when increasing the distance as a result of the high 
attenuation while the signal becomes noisier the closer the two transducers become. That the 
simulation approach obviously holds can be seen in a comparison shown in Fig. 14 where the 
signal for the 10° transmitter incidence angle has been simulated and experimentally validated 
respectively. Despite of an initial cross-talk between the transmitter and the receiver seen in the 
experimental result only, being neither relevant nor useful, the relevant A0 mode signal is 
simulated accordingly. 
 

5.  Conclusions 
This study has shown that inspection concepts for adhesively bonded joints considering guided 
waves generated through air-coupled ultrasound can be well configured through numerical 
simulation. It allows the position of the transducers to be determined in an optimal way, the 
modes recognised to be the most sensitive for inspection as well as the type, size and location 
of flaws to be detected within the bond. What has not been included in the simulation model so 
far is the effect of attenuation of the acoustic signal, which would further help the simulation 
platform to be enhanced. What cannot be detected with this approach is the effect of kissing 
bonds due to the lack of the respective impedance mismatch within the bond in that regard.  
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Fig. 14 Time domain signal obtained for a guided wave generated through air-coupled 
ultrasound in an adhesively bonded joint for a 10° incidence angle of the transmitter with the 

A0 mode seen as a major response: Simulation (top) and experiment (bottom) 
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