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Abstract 
To date, fiber reinforced composite materials are gaining popularity in automotive and aircraft production. The 
adhesive bonding can be considered the best joining technology for composite materials. One of the most 
important questions is the quality control of these materials and their joints. Both composites and adhesive joints 
usually fail by development of internal damage zones, delaminations or disbonds. It is important to detect these 
zones early. In this paper, scanning acoustic microscopy and air-coupled ultrasonic imaging were used to 
evaluate the composite materials and detect internal structural defects as well as to characterize the composite’s 
adhesive joints. Visualization of the internal material structures in the form of B- and C-scans allows direct 
estimation of the nature, structure and spatial distribution of the defects. Position, width, and depth of the 
adhesive layers were successfully determined by both methods. 
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1.  Introduction 
 
Advanced composite materials are widely used in high technology structures because of their 
high performance in terms of high moduli, high corrosion and fatigue resistance, and low 
weight [1]. Damage in composite structures in the form of cracks or delaminations will lead to 
significant loss in strength and failures in performance of the structures.  
Joining technologies start to play an important role in composites science. With new 
composite materials being introduced in the market, adhesives become the number one choice 
to joint composite structures [2, 3]. An adhesive joint is an optimal type of joining composite 
materials as it allows a uniform load distributing over a larger area than other methods of 
joining, requires no holes, adds very little weight to the structure and has superior fatigue 
resistance. Mechanical performance of the adhesive joints depends on many parameters 
including width, depth and continuity of the adhesive layer applied.  
Thus, importance of nondestructive characterization (NDE) of composites and their structures 
grows with increased use of these materials and are needed to ensure industry requirements 
for safety and reliability of materials and their structures. Acoustic imaging methods are one 
of the popular choices among nondestructive techniques as they allow not only detect the 
presence of defects but to measure their size, shape, and location. The major types of defects 
in composite materials are fiber or matrix damage, improper orientation or misalignment of 
fibers, voids and porosity, and poor /matrix bond. It is known that the effectiveness of the 
ultrasonic inspection depends on material properties such as density and elastic moduli, 
fibers’ form and their distribution, composite fabrication technology, and specimen geometry. 
The acoustic method is widely used for evaluation of metal adhesive bond joints [4]. 
The purpose of this paper is to use two ultrasonic techniques for quality evaluation of a 
laminated composite and a composite adhesive joint. Scanning acoustic microscopy and air 
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coupled ultrasonic method were used to visualize the internal structure, to detect defects in the 
composite and to assess the quality of the composite adhesive joint. 
 
2.  Methods  
 
The basis of conventional ultrasonic inspection is propagation of an ultrasound pulse through 
the specimen and its interaction with structural components. As a sound pulse emitted from a 
transducer travels through the material, it partially transmits and reflects at each acoustic 
interface (flaw, damage or discontinuity). The amplitude of the transmitted or reflected signal 
is determined by transmission T and reflection R coefficients, which depend on acoustic 
impedances of the media from both sides of the interface:  
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where Z is characteristic acoustic impedance of the media Z = Cρ; where C is sound velocity 
in the media and ρ is density. Thus, the greater difference between acoustic impedances in 
two media, the greater reflection coefficient and the more acoustic energy is reflected back to 
the transducer. The acoustic impedances of composite materials vary within 20-40x106 kg m-

2s-1 while the acoustic impedance of air is 40 kg m-2 s-1 which is six orders less. This drastic 
difference makes the composite/air interface a strong reflector of acoustic waves and should 
provide a basis for visualization of internal defects and adhesive presence at the interface.  
 
2.1 Scanning Acoustic Microscopy 
 
A short broadband acoustic pulse propagates through the structure, and a train of pulses 
reflected back from each interface are collected and analyzed. The basic data are the time of 
flight (TOF) and amplitudes of the pulses corresponding to the various reflections, which may 
be individually gated and analyzed. Scanning, whether mechanically or electronically (using 
an array), provides the data set representing a two dimensional vertical (B-scan) or horizontal 
(C-scan) cross-sections of the sample. The sensitivity of this technique depends on the 
strength of the signal which was sent into the material and variation of amplitude or TOF for 
reflected pulse in the “bonded” and “unbonded” conditions. Resolution depends on the 
scanning system and the width of the acoustic beam. However, the complex structure of the 
composite itself and multiple wave reflections from the reinforcing fibers may complicate 
visualization of internal structures. 
A scanning acoustic microscope (Tessonics AM-1103) at 15 MHz frequency in pulse-echo 
mode was used for observation of the composite’s microstructure and composite/adhesive 
interface.  
 
2.2 Air couples Acoustic Imaging 
 
In case of non-contact testing where air is used as a couplant, the transmission coefficient T 
will be:  
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where, α is the attenuation coefficient in the composite. In the case of using air as a couplant 
medium with its low acoustic impedance compared with composite impedance, the total path 



 

 

loss is about 120 dB of the total acoustic energy. This loss is due to the high impedances 
mismatch at the air/composite interfaces as well as the high sound absorption. To overcome 
these disadvantages, the following steps are to be performed: 

1. Maximizing the signal to noise ratio by processing the signal output from the 
transducer; 

2. Maximizing the sensitivity of the receiver and output of the transmitters by using high 
tech transducers.   

The ultrasonic pulser/receiver NCA1000-2E with the Techno Stepper DaVinci scanning system 
was used in this study. In transmission mode, both transducers were placed in a way to 
produce the wave perpendicular to the surface of the object being tested. For this mode, two 
different setups were used (Figure 1): 
1. Typical through transmission where signal processing is required to increase the 

resolution of the image as each pixel in the resulting image refers to the integrated 
Gaussian area that is proportional to the distance between the transducer and the specimen 
as well as the shape and diameter of the transducer; 

2. Displaced through-transmission, in which the receiving transducer integrates the pulse that 
passed through smaller area. 

 

A.      B. 
Figure 1 A. NCA 1000-2E and DaVinci scanning system. B. Transducers positioning: typical 

transmission mode (left), displaced mode (right). 
 
3. Composite Internal Microstructure and Defects 
 
Multilayered laminated composite specimen with 15 plies which has a small indent of 5x5 
mm in size on the surface was analyzed with both techniques. 
 
3.1 Scanning Acoustic Microscopy 
 
Using an acoustic microscope, the area of the damage, damage depth profile, and damage 
edges at different ply were visualized. In the ply by ply analysis, acoustic images were 
obtained by monitoring the acoustic reflection pulse at the specific depth. Acoustic images of 
the selected layers are shown at Figure 2. Images show complex layer characterization of the 
impact defect. Each ply layer is delaminated along separated planes (plies). It is possible to 
measure the depth and size of each flaw and variation of the surface position. Depth of 
damage h can be calculated using equation tch ∆=  where c is longitudinal sound velocity in 
the material, ∆t is time of flight. 
Vertical cross-sections (B-scans) of the composite sample are presented at Figure 3. The B-
scan images indicate position, length and depth of the defect along the certain plane. 
The surface of the composite shows a small indent of 5x5 mm in size. However, ultrasonic 
ply by ply analysis shows that the overall size of the impact is 27x30 mm. The damaged area 
has typical 2 lobe-shaped low velocity impact of a laminate composite with some regularity; 



 

 

major axis of the delamination in each ply coincides with  direction of the lower ply. The 
diameter of the delaminations increases toward the back side of the impact. Acoustically well 
reflecting discontinuities are present throughout the whole thickness of the specimen. The size 
of delamination areas increases toward the back of the specimen. Vertical interlaminar 
fractions were not found at the B-scans. By analysis of the B-scans, the three-dimensional 
structure of the impact region can be reconstructed.  
 

 
Figure 2. C-scan acoustic images of the internal delamination made on different depth. Images 

are made with 0.45 mm depth interval. The first image shows the surface and the last image 
visualizes the bottom of the specimen 

 

 

1  2 

3  4 
Fig. 3. Vertical cross-section images of the damaged area of the specimen. B-scans are made 

along the lines shown on the C-scan (above). a- delamination made on depth 0.9mm, b- 
delamination on depth of 1.25 mm, c- delamination on depth of 3.1 mm. 

 
3.2 Air Coupled Acoustics  
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Scanning was performed in both displaced and conventional modes. The resolution in the 
displaced mode is higher as the receiving transducer is integrating over a smaller area (part of 
Gaussian area plus the common area between the transducers). However, this mode decreases 
the sensitivity of the signal because only a small part of the transmitted wave is registered. 
Conventional mode provides lower resolution. Nevertheless, special image processing can be 
applied to the obtained image to increase its resolution. 
The size of the damaged area detected with air coupled acoustics method was determined as 
37 mm at the original scan and 33.5 mm at the image after reconstruction.  
 

A   B 
Figure 4. A. Ultrasonic image of the composite impact obtained by air coupled acoustic 

method. B. The same image after image reconstruction. 
 
4. Adhesive Bond Inspection 
  
The sample consists of two synthetic fibers reinforced plastic (CFRP) composite plates 
jointed by three adhesive layers of different width (Figure 5). The gap thickness between two 
plates is 1.8 mm and is maintained by spacers; the thickness of each composite is 2.5 mm.  

 

         
Figure 5. Composite adehsive joint. 

 
4.1 Scanning Acoustic Microscopy 
 
Figure 6 represents the acoustic image of the adhesive joint of the specimen taken at the 
composite/adhesive interface 2 (schematic representation of joint’s interfaces is on Figure 5). 
The regions with adhesive present at the interface are detectable and are shown on the image 
as darker areas with easily recognisable fiber reinforcement pattern. The regions without 
adhesive are shown on the image as brighter areas. It can be noted that the width of the lines 
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are different; two first lines are reasonably thick, and the third one is the thinnest, which may 
result in insufficient amount of the adhesive applied. Cavity–like voids at the interface 
indicated by thin arrows are resulting from “springback” of the structure after the applied 
pressure was removed. The areas shown by thick arrows represent joint spacers to maintain 
even joint thickness. The width of the adhesive was measured at certain positions (white 
arrows), numbers indicate the width of the adhesive layer in mm. 
 

 A 

B 
Figure 7. A. Acoustic C-scan of the composite adhesive joint made at the composite/adhesive 

interface. 600x280 mm scanning area. Thick arrows show spacers’ positioning. B. B-scan 
made along dotted line. Arrows show the width of the adhesive layers. 

 
4.2 Air Coupled Acoustics  
 
The scanning analysis was performed in transmission mode. Results are shown in Figure 8. 
The areas of light blue denote the regions with adhesive, where the amplitude of the passed-
through pulse is maximal. The areas of dark blue correspond to air/composite interfaces, 
where the adhesive is absent. The image acquired clearly demonstrates the presence of three 
lines of the adhesive joints. Discontinuities in the lower adhesive line marked as ‘low-
adhesive area” are visible. Spacers and “springback” effects in the upper adhesive joints are 
detectable as well. The image is not distorted by the presence of fiber-like structures in the 
composite. Thus, all major features are well detectable and the image obtained by air couples 
acoustic method is in good correlation with the scanning acoustic microscopy results. The 
width of the adhesive was measured and the results are also in satisfying correlation with 
acoustic microscopy measurements sometimes toward overestimation. 
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Figure 8. Air coupled acoustic image of the composite adhesive joint. White arrows show 

width of the adhesive layer in mm. 
 

5. Conclusions 
 
Scanning Acoustic Microscopy and Air Coupled Acoustic Methods were used for analysis of 
the composite material and composite adhesive joint specimens. Our study has shown that 
both ultrasonic methods can work successfully for nondestructive testing of composite 
materials and their adhesive bonds. Both methods demonstrate the ability to visualize internal 
defects in the laminated composite and estimate the size of the impact. The size of the defect 
in composite specimen was slightly higher when measured by air coupled acoustics.  
Both techniques are able to visualize the adhesive presence at the interface of the joint and 
evaluate the width and continuity of the adhesive joint. Dimensions and position of adhesive 
regions were clearly detectable. Real dimensions of the adhesive layer were visualized easily. 
Thus, it is possible to detect adhesive coverage, position and width of the adhesive joints. 
Scanning acoustic microscopy gives possibility to evaluate the thickness of the adhesive layer 
as well.  
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