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Abstract. Ultrasonic methodologies of air-coupled guided waves, birefringent shear 
waves, and nonlinear ultrasound are presented and applied to the characterization of 
aerospace materials. The guided waves generated by air-coupled ultrasound provide 
non-contact monitoring of in-plane stiffness anisotropy and high-contrast imaging of 
defects in a single-sided access configuration. Mapping of local fibre orientation in 
composites and residual stresses induced by plastic deformation in metals are 
implemented reliably with birefringent shear waves. Nonlinear ultrasound is shown 
to be sensitive to incipient fatigue in metals and applicable to imaging of a wide 
range of defects that might be produced during manufacturing, processing, and 
operation of aerospace materials and components. 

1. Introduction  

The development of contemporary aerospace (AES-) materials is a crossroad of the 
technological problems caused by a mass of stringent performance requirements, such as 
heat and corrosion resistance, fatigue and damage tolerance, high strength/weight ratio, 
safety and environmental constraints. To meet these requirements, the AES-materials used 
embrace a variety of metals, alloys, polymers, and composites. They are combined in a 
number of structures (sheet-like parts, layered systems, honey-comb components, stringers, 
frames, etc.) and processed by using different forming techniques, like injection molding, 
lay-up, laser and friction stir welding, shot-peening, etc. No wonder that non-destructive 
characterization of the AES-configurations becomes an exceptionally difficult task and 
should comprise various measurement approaches.  

In this paper, three ultrasonic methodologies are introduced that are based on air-
coupled (AC-) guided waves, birefringent shear waves, and nonlinear ultrasound. The 
results of ultrasonic inspection of the AES-materials and components by using these 
techniques are presented and discussed.  

2. Air-coupled guided waves  

It is well-known that reflection-transmission of elastic waves at oblique incidence on a 
solid interface results in producing new types of waves (mode conversion). In slanted AC-
configurations, under phase matching conditions the mode conversion at the air-solid 
boundary leads to efficient excitation of waves guided along the interface. In thin 
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specimens, these are plate acoustic waves (PAW) while AC-generation of surface acoustic 
waves (SAW) is expected when the thickness of the specimen is greater than a few 
wavelengths. 

To provide a high lateral resolution with AC-guided waves, a configuration of 
focused AC-beams (Focused Slanted Transmission Mode (FSTM)) was developed [1]. It 
uses a pair of co-axial weakly-focused air-coupled transducers which face opposite sides of 
a specimen (Fig. 1 a). The angle of incidence (θ0)  is determined by phase matching 
between the incident and generated waves:  

SAWPAWair vv ,0 /sin =θ  ,                                                   (1) 
where v  is the phase velocity of the corresponding wave. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 1 a, b. FSTM- and FSRM-configurations (a); waveform imaging set-up (b). 
 

In many aerospace applications, a single-sided access to a specimen is preferred 
which is provided in the pitch-catch configuration also shown in Fig. 1 a (Focused Slanted 
Re-radiation Mode (FSRM)). To suppress a specular reflection of the incident beam, the 
receiver is placed beside the transmitter with some sound absorbing material in between. 
The FSRM-output is an average of the material properties over a certain distance along the 
surface (usually 3-5 cm) while local probing with FSTM gives an output which is averaged 
across thickness. 

The scheme of the hybrid AC-acousto-optic methodology (waveform imaging 
(WIM)) is shown in Fig. 1 b. A focused AC-transducer launches AC-ultrasonic waves on 
the front surface of the specimen. The variable angle of incidence θ  provides both 
cylindrical (at θ =0) and plane PAW/SAW excitation ( 0θθ = ). The wave field generated is 
scanned with a laser vibrometer responding to the out-of-plane component of vibration 
velocity. To analyse the total area of the specimen at θ =0, scanning is normally made over 
the rear surface; a single sided access (Fig. 1 b) is used for an oblique AC-incidence. The 
data acquired are phase synchronised with the reference voltage and played back as a time 
sequence of 2D-frames displaying an animated picture of wave propagation.  

The advantage of using guided waves for defect imaging is their strong damping 
due to scattering by material (and particularly subsurface) inhomogeneities. Besides the 
increase of acoustic scattering in the defect areas, an additional enhancement of contrast 
comes from the AC-conversion mechanism: a local variation of velocity (and 0θ ) causes a 
local drop in the wave amplitudes. This is illustrated in Fig. 2 for the piezo-actuator 
embedded in glass fibre-reinforced (GFR-) composite: the guided wave image is much 
superior to the one obtained by conventional AC-technique (normal transmission mode).  
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The high sensitivity of the AC-guided wave imaging is also illustrated in Fig. 3 on a 
honeycomb plate (thickness ≈ 5 cm) with multi-ply carbon fibre-reinforced (CFR-) liners 
on both sides. To simulate delaminations, triangular shaped Teflon inserts were embedded 
between the honeycomb and the front side liner secured with glued CFR-repair patches.  
The structure of the laminate is clearly seen in the 390-kHz AC-PAW-image obtained in 
the FSRM (Fig. 3, left). The sensitivity of PAW is emphasised in the image of the (intact) 
bottom side liner (Fig. 3, right). In this case, the AC-PAW visualizes the variation in 
strength of honeycomb-liner interface caused by the “imprints” of load applied while 
producing delaminations on the front side.  

 
 

 
 
 
 
 
 
 

Figure 2.  AC-imaging of embedded actuator (4x1.5 cm): left - conventional AC-ultrasound; right – FSTM. 
 
 
 

 

 

 

 

Figure 3. Single-sided guided wave imaging of simulated delaminations and patches in honeycomb liners: 
front (left) and reverse (right) sides. Sample kindly provided by GROB Aerospace/Mindelheim-Mattsies. 

An example of the WIM application for defect visualization is shown in Fig. 4 (left) for 
AC-PAW propagating along fibres in a unidirectional CFR-composite with an impact 
damage. The wave amplitude perturbation is caused by wave scattering at cracked fibre 
fragments and localised exclusively inside the damaged area.  
  

 

 

 

 

 

 

 
 

Figure 4. Material inspection with WIM: Impact damage detection in CFR-composite (left); in-plane stiffness 
anisotropy in GFR-polymer (right). 

 Another important merit of the WIM relates to imaging of in-plane anisotropy of 
material stiffness. The latter is an important parameter which determines mechanical 



performance of AES-engineering components made from composite materials. The 
operation is based on the fact, that in the far-field region the waveform of the cylindrical 
guided waves excited at 0θ =0 in the WIM set-up (Fig. 2, b) is independent of the source 
geometry and determined by the anisotropy of material stiffness. The feasibility of imaging 
of stiffness anisotropy by using the WIM is demonstrated in Fig. 4 (right) for a GFR-
polymer. An obvious elongation of the wavefront indicates the fibre orientation in the 
material. Thus, application of the WIM provides a method for a rapid interrogation of 
material elastic anisotropy and, in particular, its uniformity over large areas.  

3. Birefringent shear waves 

The stiffness anisotropy induced during manufacturing or processing of AES-materials is in 
many cases responsible for their extreme properties. As the mechanical performance of 
anisotropic materials depends on the direction where loads are applied, detailed information 
on stiffness anisotropy is required. Elastic anisotropy is also a key factor that determines 
guided wave propagation in plate-like specimens. The knowledge of the in-plane anisotropy 
is crucial for the development of structural health monitoring (SHM-) systems which 
comprise arrays of guided wave sensors for early damage recognition and location in high-
risk AES-components. 

Similar to optics, the in-plane stiffness anisotropy causes acoustic shear waves to be 
birefringent: their propagation velocity depends on the wave polarization direction [2]. In 
particular, the maximum velocity is expected when the polarization coincides with the 
direction of maximum stiffness. The latter can be related to fibre alignment in composites, 
molecular orientation in plastics, manufacturing or processing reinforcement in metals, etc. 
and can be identified simply by measuring the shear wave velocity as a function of 
polarization angle. 

In our experiments, the 4-MHz shear wave pulses were generated and received with 
a transducer attached to the surface of the specimens (pulse-echo technique, Fig. 5). The 
wave velocity was measured as a function of polarization which was changed and 
monitored by rotation of the transducer. The direction of polarization corresponding to the 
maximum velocity (minimum time of flight) reveals the local orientation of reinforcement.  

 
 
 
 
 

 

 

 
Figure 5. Experimental set-up for ultrasonic inspection with birefringent shear waves. 

 
An example of mapping the fibre orientation in fibre-reinforced composites is 

shown in Fig. 6. The specimen measured is a short-glass-fibre reinforced polyurethane 
plate (300x200x4 mm) manufactured by the injection moulding technique. The injection 
direction is shown by the bold arrow on the right; the rest of the arrows indicate the local 
reinforcement directions measured around the group of circular obstacles in the mould. 
From Fig. 6, the fibre alignment is in a good agreement with the expected streamline 
directions as one would assume for the injection moulding methodology. 
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The local velocity increases with the number of fibres aligned in a certain direction 
and hence reveals the degree of local fibre orientation. This parameter is measured and 
indicated by the length of the arrows. The pattern in Fig. 6 shows that local reinforcement 
normally increases around the obstacles due to flow interaction with them and the fibres. 

 
 
 

 

 

  

 
 

 

 

 

 
  

 
Figure 6. Fibre orientation pattern in an injection moulded polyurethane specimen (300x200mm). 

 
 In-plane residual stresses also cause acoustic birefringence. This enables to apply 
shear waves to non-destructive characterization of residual stress which is a crucial task for 
aero-engine components. The example in Fig. 7 is concerned with cold work processing of 
aero-engine alloy used to extend its service life-span. The cold work of shot-peening (upper 
row) and rolling (lower row) presumably induce in-plane residual stresses in the sub-
surface area of the material (Ni-base alloy). Similar polarization measurements reveal 
predominant stress orientations in the areas of a lower- (1, 3) and higher-intensity (2, 4) 
cold work. In each case, additional internal stresses are produced which change both the 
value and orientation of stress in the intact material (centre area). At low-intensity, the 
residual stresses induced by both shot-peening (1) and rolling (3) in Ni-base alloy are rather 
similar while they become substantially different for high-intensity cold work (2 & 4).  

4. Nonlinear ultrasound 

Conventional ultrasonic instruments for material characterization widely applied in industry 
and technology use the linear elastic response of materials which results in amplitude and 
phase variations of the input signal due to its interaction with matter. The nonlinear 
approach to material characterization is concerned with the non-linear response of 
material, which is related to frequency changes of the input signal. These spectral changes 
are caused by both elastic nonlinearity of the material itself (material nonlinearity) and a 
local nonlinear response of the defects. The latter dominates for a variety of planar defects 
(delaminations, cracks, non-bonds, etc) due to anomalously nonlinear contact dynamics 
(contact nonlinearity). Therefore, the areas of contact nonlinearity indicate selectively the 
vulnerable (faulty) parts within a product. 



 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Orientation of residual stresses induced in Ni-base alloy by shot-peening (1, 2) and rolling (3, 4). 

 
 
A particular “tag” which reveals these areas is based on new spectral components 

(higher harmonics, combination frequencies, subharmonics, etc.) generated locally by 
highly nonlinear vibrations of the defects. Such a nonlinear vibration spectrum is naturally 
detected and measured by evaluating the laser light scattered back from the vibrating object 
(nonlinear laser vibrometry technique [3]).  

In our setup, piezoelectric stack transducers are used to excite intense acoustic 
vibrations (predominantly flexural waves). In the frequency range 15-45 kHz, the 
transducers are driven with a CW electric signal to provide a displacement of up to 1µm 
which corresponds to a substantially nonlinear range of strains up to 10-4. After laser 
scanning of the specimen surface, A/D conversion and FFT, the C-scan images are obtained 
for any spectral line within 1 MHz bandwidth. 

The troubleshooting list for the nonlinear approach to characterization of the AES-
components contains a number of problems concerned with cracks, rivets, welds, rust, 
fatigue, non-bonds, etc. Fig. 8, left, shows an example of nonlinear inspection of a riveted 
aluminium structure driven by two attached piezo-ceramic stack actuators (20 and 27 kHz). 
The difference frequency image clearly reveals the faulty rivet. 

 
 

 

 

 

 
 

 

 
Figure 8. Nonlinear imaging of aluminium aircraft components: faulty rivet (left) and corroded area (right).  

 

Another example (Fig. 8, right) of nonlinear imaging of flaws in metals is 
concerned with corroded areas in an aluminium airplane part. “Clapping” and “rubbing” of 
the metal boundaries inside the corroded areas make them nonlinear and reliably detectable 
by the technique. 
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Fatigue loads in metals (rotors, turbines, etc.) produce minute cracks of micrometer 
scale which gradually develop into major cracking and initiate an abrupt material fracture. 
The linear ultrasound is virtually unable to detect the fatigued crack at the early stage of 
their development. The results of nonlinear imaging of 5µm-wide fatigue crack in Ni-base 
super-alloy are shown in Fig. 9. The scattering technique by using linear ultrasound was not 
sensitive enough to detect such a virtually closed crack. 

 
 
 
 
 
 
 
 
 
 
 

Figure 9. Photo (left) and nonlinear image (right) of a 5µm-wide fatigue crack in Ni-base super-alloy. 
 

 A promising material for aircraft industry is glass-fibre-reinforced aluminium 
laminate (Glare®) due to its excellent tolerance to impact, corrosion, lightning stroke, low 
flammability, and low weight. However, delaminations can occur during the production 
process that require inspection techniques in service and maintenance. The nonlinear 
ultrasonic image (Fig. 10, right) reveals local debondings simulated in this case by two 
circular Teflon-inserts in the Glare® plate.  

Fibre-reinforced composites constitute a class of hi-tech engineering materials 
whose application area expands rapidly in aerospace industry. Unlike metals, the problems 
here are caused by matrix-fibre non-bonds, delaminations, mechanical and thermal impacts.  
Mechanical damage of laminates consists of matrix-fibre debonding, cracking, or 
delaminations. It is evident, that acoustic vibrations of the damaged areas are strongly 
nonlinear. Therefore nonlinear ultrasound is applicable for detecting and imaging of all 
major kinds of damage in composites. Fig. 10 (left) illustrates this statement for the edge 
delamination and thermal damage in a CFRP composite. 
  

 
 
Figure 10. Nonlinear imaging of damage in CFRP/ foam laminate (left) and delaminations in Glare® (right)  

 

   
Our experiments also reveal that localized vibrations of planar defects efficiently 

radiate nonlinear ultrasound into surrounding air (Nonlinear Air-Coupled Emission 
(NACE)) [4]. Since the NACE comes from the defects it can be used to locate and visualize 
them. A practical version of this methodology uses a high-frequency focused AC-ultrasonic 
transducer (~450 kHz) as a receiver. The FFT of the output signal complemented with 
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high-pass filtering is then applied for computer imaging of distribution of nonlinear 
frequency components over a specimen surface.  
 The two examples of nonlinear imaging by “listening” to the NACE from the 
materials are shown in Fig. 11. The NACE is found to be a sensitive and reliable instrument 
for detecting impact damage in CFRP (Fig. 11, left) as well as in GFRP and variety of 
fabric composites.  

 Our experiments show that the NACE operates well in various constructional 
materials with raw surfaces and rugged defects in components, like bolted joints, arc welds, 
etc. The NACE application was found to be particularly beneficial in metallic components 
where low acoustic damping facilitates the formation of standing waves which produce a 
strong background in laser nonlinear vibrometry. In particular, the images in Fig. 11 (centre 
and right) show that the nonlinear AC-emission pattern reproduces well a local quality of 
the laser weld-line between two steel components. A high sensitivity of the NACE to 
micro-damage induced in metals by plastic deformation was also reported [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: left - NACE imaging of a series of impacts in CFRP plate; centre – NACE image of laser welded 

joint in steel; right – photo of the laser welded joint measured. 
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