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Abstract  
This work is devoted to development of techniques for detection of adhesive in joints and image construction of 
the adhesive spatial distribution. Based on numerical modeling, the specific behavior of the reverberating pulse-
echo waveforms in steel–adhesive and aluminum–adhesive multi–layered structures is analyzed.  It is shown that 
the energy of the received waveform weighted within a certain time gate can be used as a metric for discriminating 
between no/adhesive areas. To generate the image of the adhesive distribution the waveforms received by the 
elements of the matrix ultrasonic array were independently processed and the outputs are spatially interpolated 
and compared with a certain threshold. The developed algorithms have been tested on steel-to-steel, aluminum-to-
aluminum and aluminum-to-steel adhesive joints using 15 MHz, 52-element, 10 mm x 10 mm matrix array of 
ultrasonic transducers. 
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1. Introduction 
 
Ultrasonic non–destructive evaluation of steel– adhesive and aluminum– adhesive joints is an 
important process in aerospace and automotive industries.  Imaging of adhesive coverage in 
joints is a challenging problem due to the large acoustic impedance mismatch between metal 
and adhesive, variability in the thickness of metal and adhesive layers, and possible deviation 
from perfect geometry in the joint’s layered structure.  The reverberating strong ultrasonic 
echoes from the first metal sheet overlap the weak responses from the internal interfaces and 
defects in the adhesive joint.  Though these challenges were recently overcome for steel-
adhesive joints using an ultrasonic pulse-echo technique, the difference in acoustic impedances 
of steel and aluminum leads to a lack of robustness in utilizing the same algorithm for 
aluminum-adhesive joints. 
The thicknesses of the adhesive layer and metal sheets may vary within 0.1-1 mm and 7-10 
mm, respectively. Typical widths of adhesive beads in automotive applications are 10-15 mm; 
it is therefore desired to be able to read the adhesive bead width with a spatial resolution of 1 
mm or better. These requirements have proved very challenging to a large number of ultrasonic 
nondestructive techniques [1, 2]. It was shown that sufficient spatial resolution could be 
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achieved using two-dimensional, non-phased ultrasonic array [3, 4]. The developed technique 
is based on discrimination between no/adhesive areas calculation using the energy of the 
received waveform weighted within a certain time gate as a metric.  However the waveforms 
for aluminum demonstrate faster amplitude decay rate in comparison with the steel samples.  
Accordingly, different sets of the processing algorithm parameters should be found to be 
adequate for the evaluation of steel and aluminum joints. 
 

2. Mathematical model and numerical simulation 
 

 
 

Figure1. Scheme of ultrasonic wave propagation in the joint  

 
The pulse–echo waveform s(t) reflected at the probe/sample interface (Figure 1) can be found 
by the inverse Fourier transformation of the reflection coefficient V(ω) of the ultrasonic wave 
from the front interface of the joint and the frequency response of the ultrasonic system Ssys(ω): 
        sysSVFts 1 .     (1) 

 
The reflection coefficient from the layered structure is known: 
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where Z0 is the acoustic impedance of the plastic delay line, and Zin is the input impedance of 
the system of layers. The input impedance Zin depends on parameters of the layers. The implicit 
recursive relationship for calculation of Zin can be found in number of handbooks. 
The acoustic impedances of steel and typical epoxy adhesives are very different, leading to the 
coefficients of reflection at both the steel-adhesive and adhesive-steel interfaces being nearly 
unity (∼90%). Therefore, the echoes from the top sheet s1(t) (Figure 1) persist for a long time, 
and only a small amount of the ultrasonic energy enters the adhesive. Thus, regardless of the 
adhesive thickness, any reflections from the bottom sheet s2(t) are small. However, the acoustic 
impedance of aluminum is much closer to that of adhesives, leading to smaller reflection 
coefficients (∼73%) at both interfaces. Therefore, echoes from the top sheet decay at a faster 
rate, leading to much smaller amplitudes at later times.  
These differences in the waveform behavior are revealed by the results of the numerical 
simulation presented in Figures 2 and 3.  

s1(t) s2(t) 



     
 
Figure 2. Waveforms s(t) for aluminum (left) and steel (right) joints; metal–adhesive–metal (red line) and metal–

adhesive–air (blue line). The thickness of the adhesive d=0.3 mm 

 

  
 

Figure 3. Grayscale images of aluminum–adhesive–aluminum (left) and steel–adhesive–steel (right) responses 
presented vs adhesive thickness d  

 

3. Adhesion detection 
 
To discriminate adhesive/no adhesive areas the following integral parameter E used as a merit 
index: 
 �2 = ∫ 嫌2岫建岻�岫建岻�鉄�迭 �建     (3) 

 
where w(t) is a window function, and t1, t2 are boundaries of the time window (Figure 4). 
Squared value of this index E2 is simply the energy of the received waveform weighted within 
this time gate. For adhesion detection, the parameter E is compared with two thresholds E1 and 
E2, E1 < E2. The values E < E1 and E > E2 correspond to “adhesive” and “no adhesive” areas, 
respectively; the region E1 < E < E2 is marginal.  
The parameter E depends on thicknesses of the metal and adhesive layers, the material 
properties and the length of the time gate, therefore proper selection of the mean threshold value 
ET=(E1+E2)/2 is very important for robust adhesion detection.   
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Figure 4. Time window w(t) used in calculation of the parameter E  

 

  
 

Figure 5. Parameter E calculated for aluminum (left) and steel joint; metal–adhesive–metal (blue lines) and 
metal–adhesive–air (red lines) 

 
Figure 5 shows the parameter E calculated for metal–adhesive–metal and metal–adhesive–air 
joints, for the time window w(t)= [1–3] μs. The data are normalized with respect to the values 
of E obtained from a bare metal sheet (red curves at d=0 mm). In the regions where the thickness 
of the adhesive is not too small (d>0.1 mm) the parameter is sufficiently smaller than one, and 
it is possible to detect adhesive by comparing E with a threshold.  
For steel joints, the time gate should be set at the end of the waveform ([5–8] μs) where the 
difference between “adhesive” / “no adhesive” regions is strong. The corresponding threshold 
value ET is in the range of 0.7– 0.8 [3]. If the time gate is moved to the beginning of the 
waveform (Figure 5) the threshold should be increased up to ≈0.9–0.93. This reduces the 
robustness of the processing algorithm.  
On the contrary, the window used for aluminum–adhesive joints had to be shifted to earlier 
times, for which the echoes of interest are more pronounced. The results of the simulation show 
that for the time window [1–3] μs the threshold ET ≈ 0.8 can be used to provide sufficiently 
high level of the adhesive detectability.  
  

t1 t2 W(t) 



4. Processing of two–dimensional ultrasonic data 
 

       
  (a)    (b)    (c) 
 

Figure 6. Reference C–scan (a), raw C–scan of the joint before normalization (b), output image of adhesive 
distribution in the joint (c) 

 
To generate an image of the internal structure of the adhesive joint to a flat, 15 MHz, 52-element 
matrix transducer is used.  The matrix elements are 1 mm  1 mm, have a 1.25-mm pitch and 
operate independently without beam forming.  Since ultrasonic responses of the individual array 
elements are not identical, it is necessary to normalize the waveform from each of the 52 
elements with respect to separate reference signals, one for each element, obtained from a bare 
metal sheet of the same thickness (Figure 6, a). The raw C–scan of the test sample in a form of 
4 mm adhesive spot does not show the internal structure (Figure 6, b). The result of the 
parameter E calculation for both C–scans, normalization, pixel interpolation and threshold 
processing is presented in Figure 6, (c).  
 

5. Experimental study 
 

 
Figure 7. Correlation between the ultrasonic and teardown measurements on the laboratory samples 

 
Laboratory adhesive specimens with a wide range of aluminum sheet thicknesses (0.9 - 3 mm) 
bonded with different thicknesses of a structural epoxy were utilized to validate the technique 
and optimize the parameters of the processing algorithm. Figure 7 displays the correlation 
between the ultrasonic and teardown data obtained for cured adhesive.  



 
Figure 8. Correlation between the ultrasonic and teardown data from the plant trial 

 
The developed technique was tested in an automotive assembly plant on the hem of an 
aluminum hood. Figure 8 shows the overall correlation between the ultrasonic and teardown 
adhesive width readings for the >2000 inspected locations in this plant trial. The ultrasonic 
measurements match the teardown data with an accuracy of 94%, assuming that the uncertainly 
in measuring teardown widths is ±1 mm. 
 

6. Conclusions 
 
The developed algorithms have been tested on steel-to-steel, aluminum-to-aluminum and 
aluminum-to-steel adhesive joints. Laboratory samples with varying thickness of the adhesive 
layers were manufactured using various combinations of the metal sheets. These samples and 
numerical simulation were used to optimize the algorithms and to estimate the accuracy of the 
measurement of the adhesive bond width. Subsequently plant trials were conducted to validate 
the evaluation process in real industrial environment. Accuracy of the adhesive width 
measurements, conducted in automotive plants on production parts, was shown to be within 1 
mm. 
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