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Abstract. Due to the development of lighter aerospace structures and the increasing 
use of composite parts, the need of non-destructive testing (NDT) for adhesive 
bonding raised in the last years. Some NDT techniques are already used for the 
inspection of bonded structures: for instance for detection of defects like pores, 
delamination or debonding within adhesive bond. In this paper, we are interested in 
thickness measurement of the adhesive layer, which is an important parameter to 
guarantee mechanical properties of the joint. Typical thicknesses of adhesive layers 
should be of about few tens of micrometers.  
 With such limited thickness, classical bulk wave ultrasonic testing (with a 
frequency between 1 and 20 MHz) cannot be used to separate echoes from the 
different interfaces. Indeed, wavelengths are too large, so echoes from interfaces are 
mixed up. 
 SAFRAN and CEA have therefore started a collaborative work to develop a 
non-destructive method able to measure small adhesive thickness. 
 This method is based on the use of guided waves. The sensitivity of these 
waves to adhesive thickness is studied and an inversion algorithm is implementing 
to extract the thickness value. 
 Experimental works on flat samples, representative of aerospace structures, 
have been performed and the results are presented in this paper. 

Introduction  

Due to the development of lighter aerospace structures and the increasing use of composite 
parts, the need of non-destructive testing (NDT) for adhesive bonding raised in the last 
years. Some NDT techniques are already used for the inspection of bonded structures: for 
instance to detect defects like pores, delamination or debonding within adhesive bond. In 
this paper, we are interested in thickness measurement of the adhesive layer, which is an 
important parameter to guarantee mechanical properties of the joint. Typical thicknesses of 
adhesive layers should be of about few tens of micrometers.  
As the adhesive thicknesses are quite small, classical bulk waves, with frequencies ranging 
between 1 and 20 MHz, cannot be used for these measurements. Indeed, wavelengths are 
too large so echoes from interfaces are mixed up. Some simulation tests were performed 
with the CIVA software in order to investigate the frequency required to measure such 
thicknesses. For example, to measure an adhesive thickness of 100 µm, probe frequency 
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must be higher than 30 MHz which is not compatible with classical NDT systems. 
Moreover, at a frequency of 30 MHz, signal attenuation should be high in adhesive layer.  
SAFRAN and CEA have therefore started a collaborative work to develop a non-
destructive method based on the use of guided waves (Leaky Lamb waves) able to measure 
small adhesive thicknesses. 
Guided waves ultrasonic testing is promising for this issue because guided waves are very 
sensitive to material characteristic and sample geometry. So, changes in adhesive thickness 
will lead to changes in guided waves characteristic, such as acoustic frequency of guided 
waves in the structure. 
NDT method using Leaky Lamb waves were previously investigated by Terrien [1] to 
inspect thermal barrier, by Kundu et al [2], to detect defects in composite structure or by 
Teller et al [3] for NDT of adhesive structure. 
At the end, the data provided by the method have to be exploited using an inversion 
algorithm in order to extract thicknesses values. Inversion algorithms processing Leaky 
Lamb waves data were particularly studied by Lavrentyev and Rokhlin [4] to measure 
material properties of a layer surrounded by two known layers.       
In this paper, the thickness measurement of adhesive layer surrounded by titanium and 
composite layers is investigated. Simulation studies to determine optimal set-up and 
required experimental accuracy are presented. Finally, first experimental works are shown. 

Leaky Lamb waves non-destructive testing 

The proposed NDT method uses Leaky Lamb waves and its principles are schematized in 
Fig. 1.  
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Fig. 1. Principles of the method using Leaky Lamb waves. 

The inspection is performed in immersion. Two probes are used and arranged in a Pitch-
Catch set-up. For a given incidence angle, Lamb waves are generated in the structure and 
lead to energy leakage in the fluid. Then, energy leakage and the reflected waves on the 
plate interfere. This phenomenon results in minima on the spectrum of the reflected signal 
at acoustical frequencies of Lamb waves in the plate, illustrated with dotted green lines in 
Fig. 1. 
The phase velocity of Lamb modes generated in the structure can be selected by choosing 
the incidence angle of the probes. To achieve this, the Snell-Descartes law is used : 










v

v
a watersin  

Where, vwater is the velocity of longitudinal waves in water and v  the chosen phase 
velocity.  
Then, Lamb modes can be identified on theoretical dispersion curves. The chosen phase 
velocity is represented with the green horizontal line in Fig. 1. When this line crosses a 
dispersion curve, this means that the mode can be generated in the structure. And then, in 
Fig 1, frequencies for green dotted lines in the spectrum correspond to frequencies for 
green dotted lines in dispersion curves. 
The proposed method is based on the study of minima in spectrum of reflected signal. As 
Lamb waves strongly depend on the structure dimensions, thickness changes lead to 
changes in acoustic frequencies of Lamb waves and, so, changes in spectrum minima. 
Finally, thickness measurement can be done  recording the spectrum minima and using an 
inversion algorithm. 
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Identification of modes sensitive to adhesive thickness  
 
A simulation study has been performed in order to determine which modes are the most 
sensitive to adhesive thickness. The sample of interest is a three-layers structure: 

- First layer: titanium. 
- Second layer: adhesive with small thickness. 
- Third layer: composite with large layer. 

For the simulation of dispersion curve, the composite layer is seen as a semi-infinite layer. 
Indeed, composite thickness is about several centimeters whereas titanium and adhesive 
thicknesses are about tens of micrometers. The geometry is shown in Fig. 2.  

 
Fig. 2. Sample geometry. 

 
Dispersion curves are computed and plotted for two values of titanium and adhesive 
thicknesses: 

- Titanium : 500 µm and 1 mm. 
- Adhesive : 100 µm and 300 µm. 

Dispersion curves are shown in Fig. 3 for the wave number and Fig. 4 for the phase 
velocity. 
 

 
Fig. 3. Wave numbers dispersion curves for different titanium and adhesive thicknesses. 
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Fig. 4. Phase velocities dispersion curves for different titanium and adhesive thicknesses. 

 
The study of dispersion curves shows that the area encircled in red for titanium 1 mm / 
adhesive 300 µm (Vφ ≈ 1,8 mm/µs and incidence angle of ~55°) corresponds to modes very 
sensitive to adhesive thickness. Indeed, the number of guided modes increases with the 
adhesive thickness. These modes appear to be the most suitable for the measurement of the 
adhesive layer if they can be experimentally generated and detected. 
On the contrary, dispersion curves shows that modes with high phase velocities (Vφ > 3,5 
mm/µs and incidence angle < 25°) are very sensitive to titanium thickness. The number of 
mode depends of titanium thickness. 
 
Accuracy required for experiments  
 
Aerospace structures generally have complex 3D structure where guided wave propagation 
can be more complex than in flat structures. But, aerospace structures of interest have curve 
radius much higher than probes focal spot (about 1 mm2). Previous works carried out at 
CEA on guided waves propagation into curved structure [5] allow us to do some 
simplifying assumptions. Indeed, when the curve radius of the structure is much higher than 
the focal spot, the structure can be considered as a flat structure for guided wave 
propagation. 
However, the curvature could have high impact on the positioning of NDT set-up. Indeed, 
with curved samples, it is more difficult to ensure alignment between probe’s bisector and 
the local perpendicular angle to the surface, as illustrated in Fig. 5.  
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Fig. 5. Wrong positioning of probe’s bisector and local perpendicular angle to the surface. 

 
The impact of curved geometries and, so, set-up positioning on guided wave propagation 
has been studied by simulation using the CIVA software. The simulated set-up was: 

- Sample : aluminum plate with a thickness of 500 µm. 
- Incident angle  : 20°. 
- Central frequency : 10 MHz. 
- Water path : 70 mm. 

Simulated signals and corresponding frequency spectrum are shown in Fig. 6 for several 
values of , where  is the angular error between the probe’s bisector and the local 
perpendicular angle to the surface. 
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Fig. 6. Simulated signals and spectrums for several values of  for an incidence angle of 20° on a 
500 µm aluminum plate. Signals amplitudes are normalized. 

The simulated results show that a gap of 0,1° doesn’t have significant impact on Lamb 
waves signal. But, from a gap of 0,3°, signal is strongly reduced and the spectrum is 
difficult to interpret. So, the experimental set-up has to ensure a precision of 0,1° which 
could be quite difficult. However, a decrease of the water path should reduce this 
constraint. Moreover, a local adjustment during experiments should be done by maximizing 
signal amplitude. 
 
Experimental works 
 
Experiments have been performed on three-layers samples, titanium/adhesive/composite. 
The experimental set-up is shown in Fig. 7. 
 

     
Fig. 7. Experimental set-up. 
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Several incidence angles between 20° and 50° have been investigated on the three-layer 
samples. 
For one of these samples, experimental spectrums and simulated dispersion curves are 
superimposed in Fig. 8. The simulated dispersion curves are plotted in black and the 
experimental spectrums are plotted in blue for an incidence angle of 20° and in red for an 
incidence angle of 22°. An angle of 20° corresponds to Lamb modes which propagate with 
a phase velocity of 4 298 m/s and an angle of 22° corresponds to modes which propagate 
with a phase velocity of 3 924 m/s. 

 
Fig. 8. Superposition of simulated dispersion curves (black) and experimental spectrums (blue, angle 

of 20° and, red, angle of 22°). 

As explained previously, modes can be generated in the structure when the horizontal line 
corresponding at the phase velocity, imposed by the incidence angle, crosses the dispersion 
curves. So, the dotted vertical curves correspond to modes which should propagate on the 
sample. 
The green arrows show the gap in frequency induced by the change in incidence angle. 
In Fig. 8, there is a good agreement between experiments and simulated curves. Slight 
differences for acoustic frequencies of Lamb waves are observed, particularly for high 
frequencies. These differences are mainly due to attenuation of ultrasonic wave in water.  
Changes in spectrum minima are observed with incidence angle variation. So, Leaky Lamb 
wave phenomenon has been shown by these experiments on three-layers structures.   
However, it was not possible to observe spectrum minima for incidence angle higher to 
30°. So, it seems difficult to work with modes very sensitive to adhesive thickness 
(incidence angles higher than 55°). Experiments based on Lamb modes generated by laser 
equipment will be studied to understand if this limitation is due to immersion set-up with 
piezoelectric probes. 
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Conclusions  
 
A non-destructive method which allows to measure small adhesive thickness has been 
investigated using Leaky Lamb waves. First, a simulation study has been performed in 
order to determine which Lamb modes are the most sensitive to adhesive thickness.  
This method requires to superimpose the focal spots of two probes in a pitch-catch 
configuration of about 1 mm2. Thus, high accuracy is required during experimental 
adjustments. A second simulation study has been performed to estimate the required 
accuracy. Finally, experimental works on three-layers structure have been presented. 
Results are promising for Lamb modes mostly sensitive to titanium thickness. But, some 
difficulties occur for modes sensitive to adhesive thickness. Future experiments will be 
performed with laser equipment to improve the NDT set-up for adhesive thickness 
measurements. 
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