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Abstract. Common air-coupled transducers for non-destructive testing consist of a 

piezocomposite material and several matching layers. Better acoustical matching to 

air is achieved by transducers based on charged cellular polypropylene (PP). This 

material has about hundred times lower acoustic impedance than any piezocomposite, 

having about the same piezoelectric coefficient. The piezoelectric properties of 

cellular PP are caused by the polarization of air cells. Alternatively, a ferroelectret 

receiver can be understood as a capacitive microphone with internal polarization 

creating permanent internal voltage. The sensitivity of the receiver can be increased 

by applying additional bias voltage. We present an ultrasonic receiver based on 

cellular PP including a high-voltage module providing bias voltage up to 2 kV. The 

application of bias voltage increased the signal by 12 to 15 dB with only 1 dB increase 

of the noise.  

 This receiver was combined with a cellular PP transmitter in through 

transmission to inspect several test specimens consisting of glass-fiber-reinforced 

polymer face sheets and a porous closed-cell PVC core. These test specimens were 

inspected before and after load. Fatigue cracks in the porous PVC core and some 

fatigue damage in the face sheets were detected. These test specimens were originally 

developed to emulate a rotor blade segment of a wind power plant. Similar composite 

materials are used in lightweight aircrafts for the general aviation. The other inspected 

test specimen was a composite consisted of glass-fiber-reinforced polymer face sheets 

and a wooden core. The structure of the wooden core could be detected only with 

cellular PP transducers, while commercial air-coupled transducers lacked the 

necessary sensitivity. Measured on a 4-mm thick carbon-fiber-reinforced polymer 

plate, cellular PP transducers with additional bias voltage achieved a 32 dB higher 

signal-to-noise ratio than commercial air-coupled transducers. 

Introduction  

Common air-coupled transducers are constructed with several matching layers to reduce the 

impedance mismatch to air. Ferroelectret materials were proposed for air-coupled ultrasonics 

to avoid the application of matching layers [1][2][3]. Ferroelectrets (sometimes called 

piezoelectrets) are defined as charged cellular polymers, uniting the properties of electrets 

and of ferroelectric and piezoelectric materials. Cellular polypropylene is the only 
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ferroelectret so far applied to air-coupled transducers. This material is available as a flexible 

100 µm thick film, which is suitable for cylindrical and even spherical focusing [4]. Recently 

the sensitivity of ferroelectret receivers was increased by applying additional bias voltage. 

As a source of high voltage, a separate high-voltage module was developed and built into the 

inspection system [5], [6].  

This type of transducer was applied to testing of wind turbine rotor blades. The 

continuous increase of the typical size of a wind power plant causes an increase of 

maintenance and repair costs. Thus, nondestructive testing (NDT) methods are getting more 

and more accepted and they are increasingly applied. Imaging NDT techniques enable 

detection and localization of defects in a rotor blade, which leads to preventive action before 

component failure. Rotor blades are typically inspected after production within quality 

control, recurrently in-situ every two to four years, and after necessary repairs [7]. Mostly 

visual testing and acoustic emission are applied. However, these are manual methods and 

strongly affected by the subjectivity of the inspector. Occasionally, mechanized ultrasonic 

pulse-echo technique with liquid couplants is applied during production, but the liquid 

couplant significantly contributes to maintenance costs and it can damage sensitive 

composite structures. Therefore, the application of air-coupled ultrasonic technique is being 

investigated as a possible alternative.  

Rotor blades mostly consist of many different materials. Glass-fibre-reinforced 

polymers (GFRP) are combined with balsa wood, cellular materials, carbon-fibre-reinforced 

polymers (CFRP) or honeycomb structures [8]. Two most frequent types of flaws which 

occur both during the production and in operation are delaminations between single GFRP 

layers and disbonds between the beam and the blade shell [7]. Other possible flaws are 

porosities, weak adhesion, insertions and wrinkles [8]. Particularly, imperfections occurring 

in the production may induce cracks in the face sheets, which may grow into the depth and 

cause failure of the shell. Here we present the inspection of undamaged and repaired rotor 

blade shells using newly developed air-coupled transducers based of ferroelectrets.   

1. Inspection system and test specimens  

1.1 Air-coupled transducers based on ferroelectrets 

The air-coupled inspection in through transmission was performed using focussing 

ferroelectret transducers with an aperture 19 mm, curvature 50 mm and a resonance 

frequency of 250 kHz [4]. Bias voltage of 1.6 kV was applied to the receiver, which increased 

its sensitivity by about 10 dB, whereas the noise increased only by 1 dB. This means that the 

signal to noise ratio of this air-coupled transmission is at least 30 dB higher than with 

commercially available air-coupled transducers with similar parameters [5], [6].  

1.2 Test specimens  

A sandwich shell specimen was developed with structural mechanical properties and designed to 

be representative of the sandwich shell structure of large rotor blades. Figures 1 (a) and (b) 

shows this test specimen before damage. (All figures in this paper are based on our previous 

publications [9]–[11].) The dimensions were 810 mm × 510 mm × 12.7 mm. The thickness of 

the GFRP face sheet was 1.3 mm (consisting of two biaxially reinforced +45/-45 mats) and 

the foam core thickness 10 mm. The semi-finished products (mats, epoxy resin, supports) 

and the layer structure as well as the curvature radius were chosen to represent an actual rotor 

blade shell of a 27 m long rotor blade. Closed-cell foam cores were applied to prevent soaking 

of the epoxy resin and consequently the increase of weight. The supports (closed-cell PVC 

foam, AIREX C70.55) were covered with two biaxial layers (areal density 810 g/m², fibre 
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orientation +45/-45°) on the top and bottom side of the test specimen. The brittle supporting 

foam was slit open with 1.5 to 2 mm bright slits, so that it could be bended to the required 

curvature. The applied infusion process required a low viscosity infusion epoxy resin (Hexion 

RIMR135/RIMH137) as a matrix system. The core is provided with regularly distributed 

through bores, enabling impregnation of lower layers with epoxy resin. The end faces of the 

test specimen were carried out as monolithic GFRP laminates and were provided with larger 

through bores, which were drilled to clamp the test specimen for the mechanical testing [10].  

Two shell test specimens of this type were produced. The first one named BAM_SI_4 

without nominal damage or imperfections was vibrationally loaded with a tension-

compression load (R =  ̶ 1) of 3 ‰ until failure. As a comparison, a GFRP rotor blade at rated 

wind has a flexural strain of ca. 2 ‰, so that 3 ‰ load is an unusually high load leading to a 

low cycle fatigue life. The tested load of 3 ‰ causes cracks in the laminate, but there was no 

typical fatigue damage (matrix cracks or cracks in transverse direction).  

The second test specimen named BAM_SI_3 was identically constructed as 

BAM_SI_4, but had a local repair as shown in Figures 2 and 3(a). The repair was done on a 

nominally undamaged test specimen without any imperfections. The repair was performed 

manually according to common practice as it is done on rotor blades in the field, assuming 

the worst possible damage. The face sheet, the foam core and the „damaged“ area at the 

bottom face sheet were exposed and prepared for the repair. Then the laminate and the core 

were reconstructed. The same biaxial non-crimp fabric was used (fibre orientation +45°/-

45°) as in the original part, but with the half areal density (ca. 400 g/m²) and the half of the 

thickness of the original material. Thinner mats are used because they are easier to handle, 

so that two such layers were applied to achieve the original thickness.  

The repaired test specimen was subjected to a two-level oscillation fatigue test. The 

first load level corresponds to rated wind of 2 ‰ up to 1.5 million load cycles. The second 

level was a 3 ‰ load which lead to failure after 1.7 million load changes. Because of the high 

number of load cycles at the second load level, the test specimen shows high fatigue damage 

with a high level of inter-fibre failure cracks and whitening of the laminate, as shown in 

Figure 3. The repair area causes a significant stiffening of the test specimen and thus a local 

redistribution of load, which leads to massive fatigue damage in the surroundings of the repair 

area.  

 

 
Figure 1. The rotor blade shell with a foam core, (a) its measures, (b) its profile 

and (c) the same test specimen after load.  

(a) (b) (c)
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Figure 2. Repair of a rotor blade shell with a foam core, (a) a draft and (b) its 

measures.  

 

 

 
Figure 3. A repaired rotor blade shell with a foam core, (a) before load and (b) 

after the load. 

2. Inspection results  

2.1 Rotor blade shell after cyclic load  

The rotor blade test specimen was tested before and after the cyclic load. This load induced 

cracks along the fibre orientation of the surface layers (+45/-45°), which could be 

successfully localized by the applied air-coupled ultrasonic testing system (Figure 4). A 

laminographic examination has shown that the crack stretches through the surface layers as 

well as through the foam core. The alteration of the ultrasonic signal is particularly 

noticeable in the logarithmic scale. The dark vertical lines and periodical circular 

indications represent channels filled with epoxy resin. 

(a) (b)

(a) (b)
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2.2 Repaired rotor blade shell after cyclic load  

The structure of the test specimen was locally altered through the repair. The changed 

material properties can be visualized by air-coupled testing in through transmission. Figure 

5 shows that the time-of-flight representation (D-Scan) is more suitable to map the repair 

area than the more usual signal height representation (C-Scan).  

 

 
Figure 4. C-Scan of a rotor blade shell inspected with focussing ferroelectret air-

coupled ultrasonic transducers in through transmission, (a) linearly scaled and (b) 

logarithmically scaled.  

 

 
Figure 5. (a) C-Scan and (b) D-Scan of a repaired rotor blade shell with a foam 

core inspected with focussing ferroelectret air-coupled ultrasonic transducers in 

through transmission and (c) C-Scan of the same test specimen after cyclic load.  

Crack

(a) (b)

(a) (b) (c)
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3. Discussion and conclusions 

We inspected 12.6 mm thick mockups of rotor blade shells using air-coupled ferroelectret 

ultrasonic transducers. In the test specimen without repair, cracks in the face sheet parallel 

with the fibre orientation were detected, both with visual testing and with air-coupled 

ultrasonic testing, with a high level of correspondence (Figures 1(c) and 4). The results of 

the inspection of the repaired test specimen using visual testing and air-coupled ultrasonic 

testing differ depending on the applied method. A comparison of Figures 3(b) and 5(c) shows 

that air-coupled testing and visual testing uncover different flaws, whereas some of the cracks 

parallel with the fibre orientation remain undetected. The areas with a reduced signal in 

Figure 5(c) may be larger delaminations, which are not visible, yet relevant to safety. The 

channels filled with epoxy resin with a thickness between 1 and 2 mm occurring during the 

production can be clearly detected. The corresponding locations are characterized by an 

elevated ultrasonic signal because the damping of the surrounding foam core is significantly 

higher. This high lateral resolution is the consequence of spherical focussing of the 

ferroelectret transducers. Ferroelectret transducers exhibit a signal-to-noise ratio 30 dB 

higher than commercially available air-coupled transducers, which enables testing of thicker 

components and components with higher damping [5].  
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