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Abstract 
 
In recent years, the reliability and efficiency of non-destructive defect detection in carbon-fibre-reinforced 
polymer (CFRP) structures applied in aerospace industry has gained wide attention. In this paper, an 
electromagnetic sensor based on coupled planar spiral inductors operating at radio frequencies (RF) ranging 
from 50 – 250 MHz is utilised. A comparative study of the proposed RF method and conventional immersion 
ultrasonic testing (UT) is carried out in this paper demonstrating the viability of the former. CFRP plagues with 
well classified defects (holes, cracks and delamination) were subject to both RF and UT inspection methods. 
The experimental results show that the RF technique can be used as a reliable technique for defect detection, 
providing enhancements over UT. 
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1.  Introduction 
 
Carbon-fibre-reinforced polymer (CFRP) materials have become increasingly popular in 
industry applications such as the development of aircraft fuselage, automobile chassis, wind 
turbines, etc. It can be largely attributed to the superior properties of CFRP, such as high 
strength-to-weight ratio, corrosion resistance and improved fatigue performance. The great 
benefits of high specific strength and specific stiffness ratios of CFRP have led to their increased 
usage in many demanding applications, notably in the aerospace industry. For instance, the 
Boeing 787 Dreamliner (introduced in 2007) has ca. 39% increment on the overall usage of 
composite materials for the airframes as compared to its predecessor, the Boeing 777, which 
entered into service in 2000 and uses only ca. 11% of composite materials [1]. Although the 
anisotropic nature of composite materials means that strength and stiffness can be tailored 
accurately to the expected loads, this may also result in a less damage tolerant structure at certain 
points or regions. Consequently, safety critical defects can develop in composites and the nature 
of these defects may be different from those encountered in traditional homogeneous materials. 
Moreover, little is known about service defects in structural composites compared with metal 
defects because the replacement of metals with composites is relatively recent. Therefore, reliable 
non-destructive testing (NDT) of structural composites is crucial for the avoidance of future 
catastrophic structural failures.  
 
UT is one of the commonly used NDT techniques utilising an ultrasonic wave propagating 
through material, which is reflected at discontinuities (i.e. defects) due to mismatch of acoustic 
impedance. The wave may be excited and received with a single transducer (pulse-echo) or 
the reflected wave can be picked up by another receiving transducer on the opposite surface 
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of the material (through-transmission) [2, 3]. The acquired reflected time and amplitude of 
ultrasound provides information about the location and the type of defects. Saito et al [4] 
used ultrasonic C-scan images and cross-sectional photographs to reconstruct impact 
damages within CFRP laminates. In UT, couplants (usually water based) need to be 
employed to couple energy from the transducer into the test piece, which is more feasible in 
laboratory studies than in-field tests. However, multiple reflections between successive layers 
of the composite may reduce the signal-to-noise ratio (SNR) of the received signal due to 
destructive interference. In the through-transmission method, the transmitter and detector 
must be well aligned and, in addition, the access from both sides of the material is required 
making it hardly applicable in-situ. Another common NDT technique used for the inspection 
of conductive materials is eddy current testing (ECT) [5, 6]. For ECT, the frequency applied 
in the measurement is usually adjusted to the conductivity of the material under test (MUT) 
so that a penetration depth becomes comparable with the MUT’s thickness. Gros [6] 
investigated the ECT technique for the detection of delamination caused by low-energy 
impacts in CFRP materials. The results show that ECT provides accurate, efficient and rapid 
qualitative information on low-energy impacts in these materials due to its ability to penetrate 
the air gaps caused by delamination. Due to the skin effect, the method is sensitive to surface 
and sub-surface defects but, it is inapplicable to detect defects at depth. Vast research using 
microwave and millimetre wave NDT methods [7, 8] have also been undertaken to detect and 
size the defects in CFRP.  Far field [9, 10] and near field [11, 12] microwave and millimetre 
wave NDT approaches detect defects through the magnitude and phase variation of the 
reflection coefficient. Microwave and millimetre wave imaging using rectangular open-ended 
waveguides or custom-designed transceivers have been reported [13, 14]. High frequency 
allows relatively high spatial resolution and no couplants are required. However, similar to 
ECT technique, microwaves cannot efficiently penetrate through well-conductive materials 
which reduce the capability of detecting deeply buried defects. Shearography, an optical 
inspection technique, is also extensively used in the aerospace industry [15, 16]. Contrary to 
all the techniques described above, this is an indirect method where a load (vibration or heat) 
is applied to the material to create the strain field induced by a defect. However, this 
technique is extremely sensitive to environmental conditions (i.e. vibration) therefore high 
mechanical stability of the test rig is required to obtain coherent images.  
 
Recently, a new type of NDT technique for inspecting CFRP composites has been developed 
[17]. The RF inductive testing (RFIT) technique proposed in [17] is based on the 
measurement of coupling between two planar spiral inductors printed on a dielectric 
substrate. The RFIT technique has several advantages when compared to alternative methods, 
such as the lack of couplants, low-cost of manufacturing, or the capability of measuring 
curved surfaces. Consequently, the inspection of a large aircraft fuselage can be substantially 
simplified and speeded up. Moreover, the RFIT method allows determining the depth of 
defects [17]. 
 
In this paper, the overview of the RFIT technique is presented with the emphasis on its 
competitive properties and potential limitations. Well characterized CFRP composite samples 
which consist of defects (i.e. holes, cracks and delamination) were subject to a round robin 
test using conventional inspection technique, immersion UT, for comparison of performance 
between the two techniques.  
 
 
 
 



2.  Characterization of CFRP sample 
 
The composites consist of four layers carbon fibre with twill design conglomerated with 
epoxy resin and one of the side coated with polyester gel as shown in Figure 1. According to 
the specification provided by the manufacturer [18], the carbon fibre in the individual CFRP 
layer has a volume fraction ranging from 50 – 65 %. Microanalytical studies are performed 
for a selected CFRP sample using FEI Quanta 200 environmental scanning electron 
microscope (SEM), with the aim to assess the composite characteristics and the matrix-
reinforcement distribution.  
 

 

Figure 1. CFRP sample [18]. 
 
The SEM images of the CFRP sample are shown in Figure 2. The polyester gel layer used as 
a protective coating on the extreme surface of the composite can be observed (red dotted box) 
in Figure 2(a). On the other hand, there is no clear indication of the individual CFRP layer. 
The results confirm the efficient conglomeration of carbon fibres and epoxy for the CFRP 
sample. In addition, the image taken with 4000x magnification show a diameter of 
approximately 5 µm for the individual fibres. 
 

 
                            (a)             (b) 

Figure 2. SEM images obtained for the CFRP sample. 
(a) Polyester gel coating region magnified (150x) (red dotted box) and (b) individual fibers magnified (4000x).  

 
The CFRP samples are also subjected to electrical characterization to determine the 
frequency range in which the penetration depth becomes comparable with the thickness of the 
CFRP samples. A single-post dielectric resonator is utilised to evaluate the conductivity of 



the CFRP materials [19]. A resonator operating at 5GHz frequency is used and the 
conductivity of the CFRP sample is approximately at value of ca.  = 20 000 S/m. This is in 
close agreement with available data in literature [20]. The penetration depth plotted as a 
function of frequency for  = 20 000 S/m is shown in Figure 3. For frequency of more than 1 
GHz, result shows that the RF sensor is applicable only for very thin CFRP composites (i.e. 
penetration depth of below 100 m). On the contrary, penetration depth of about 1 mm can 
be achieved by decreasing the frequency to below 100 MHz. Given the overall thickness of 
1.1 mm for the CFRP composites, these frequencies range may potentially be useful for the 
successful detection of internal defect. However, the optimal frequency must be found such 
that the induced electromagnetic wave can propagate through the entire thickness of the 
CFRP composites without decreasing the sensitivity to any potential defects. 
 

 
Figure 3. Penetration depth plotted as a function of frequency for  = 20 000 S/m. 

 
3.  Experimental setup 
 
In Figure 4(a), the RF inductive sensor used in the experiment is shown. The sensor consists 
of two coupled spiral inductors which can be printed on a PCB substrate such as FR4. A 
wideband RF signal is used to drive the primary inductor which in turn transmits the power to 
the secondary coil. A logarithmic detector is used to measure the power transmitted to the 
secondary inductor in order to achieve a wide varying levels of the transmitted signal [21] 
when placed on the MUT as shown in Figure 4(b). It is worth to note that the largest 
sensitivity to internal defects occurs at frequencies where the depth of those defects is 
comparable to the penetration depth. In view of this, the measurement of RF C-scans in a 
wide frequency spectrum gives the possibility of determining the size and depth of the 
defects. 
 

  
                                       (a)                                                              (b) 

Figure 4. (a) Plan view of a single RF sensor printed on a dielectric substrate (b) sensor positioned on a multi-
layer CFRP sample [17]. 

 
Although a linear array is printed, only a single sensor is utilized in the experiment. The RF 
sensor can be connected to a vector network analyser (VNA) measuring the magnitude of a 
transmission coefficient |S21| between the inductors. Figure 5(a) shows the setup applied in 



the measurements, where a three-dimensional motorized scanner is used to precisely control the 
position of the sample, while an RF sensor is firmly mounted to the aluminium rail above. All the 
equipment is controlled directly from a PC computer enabling automatic execution of the 
measurement. An example of inductors arrays printed on FR4 is shown in Figure 5(b) for the 
probe with 5 inductors’ turns (nb = 5) and 1 mm separation between coupled inductors. All RF 
images are performed with the resolution of 4 mm to reduce scanning time with a single sensor. 
The time of inspection of a single CFRP sample is approximately 1 hour. 
 

  
                                         (a)                                                                (b) 

Figure 5. (a) Three-dimensional scanner with (b) the RF sensors.  
 
An alternative measurement is undertaken with the UT setup to compare with the results 
obtained by the RFIT technique. The setup consists of a 3D linear stage scanner controlled 
using a USL SMD 03 motor driver and WinSpect motion controller software [22] shown in 
Figure 6. A single ultrasonic probe (compressional) is mounted onto the arm of the linear 
stage. A tank is used to immerse the CFRP samples and the tip of the probe in water to 
support uniform coupling. A single excitation frequency signal of 5 MHz is used throughout 
the experiment and the signal is acquired using the RD Tech Focus System [23]. The choice 
of the frequency is based on the highest achievable signal-to-noise ratio in the 1 - 10 MHz 
range. A raster scan is performed to provide full coverage of the composite surface to be 
scanned and the planar resolution is set at 0.5 mm. A C-scan map based on the intensity of 
the received ultrasonic signal is plotted for each CFRP sample. The time for complete 
inspection of each CFRP sample is approximately 2 hours. 
 

 
                 (a)            (b) 
Figure 6. Experiment setup for UT (immersion) for CFRP composite sample. 

(a) top view and (b) side view. 
 
 
 
 

 

CFRP 

3D scanner 



4.  Results 
 
A four-layer CFRP sample with intentionally produced holes internally is first investigated. 
Figure 7 shows RF C-scans obtained at various frequencies, where the defect in the middle of 
the sample centred at around (x,y) = (100 mm,100 mm) can be clearly observed (red colour). 
There is also a smaller defect noticeable at around (x,y) = (30 mm,170 mm). 
 

   

 

   

Figure 7. RF C-scans for a CFRP composite sample with holes obtained at various frequencies. 
 
The C-map obtained during UT experiment for the composite sample with a hole is shown in 
Figure 8. Clearly, a hole can be determined around the centre from the results. In addition, 2 other 
holes could also be deduced near the corners of the sample albeit with a less confidence level. 
The low contrast due to the effect of scattering is observed in many regions of the C-map. This 
reduces the accuracy and consequently the reliability of locating the defect. 
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Figure 8. Ultrasonic C-scan of a CFRP composite sample with holes obtained for 5 MHz frequency. 

 
Another type of defect under test is a crack intentionally produced at the internal CFRP 
layers. Figure 9 shows images obtained with the RFIT sensor which clearly indicates the 
vertical cracks at frequency below 100 MHz. On the other hand, the horizontal cracks are not 
well visible at higher frequencies. This is related to the anisotropy of the measurement with 
the sensor such that the transmission in those sensors is sensitive to the disruption of an 
electric current flowing along the gap between adjacent inductors and is much less sensitive 
to the currents flowing across that gap [17]. 
 
 
 
 



 

  
 

  
Figure 9. RF C-scans for a CFRP composite sample with cracks obtained at various frequencies. 

 
The corresponding UT C-scan for the crack defect is shown in Figure 10. The result is in 
agreement with the RF C-scans except that the shape of the cracks is marred. It is worth 
mentioning by observing the higher frequencies RF C–scans, the interior of the defects can be 
more distinctly indicated such as the case for 200 MHz in which the dynamics of the image is 
as large as 10 dB. At lower frequencies, the cracks at the surrounding of the defected area are 
more pronounce which suggests that these defects are located deeper. In addition, a few 
sections of the vertical cracks are barely noticeable in the UT C-scans. On the contrary, these 
vertical cracks are well detected in the RF C-scans even though the applied physical 
orientation of the RF sensor during the measurement, consequently the anisotropy effect, 
provides a more sensitivity to horizontal cracks. 
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Figure. 10. Ultrasonic C-scan of a CFRP composite sample with cracks obtained for 5 MHz frequency. 

 
Figure 11 shows the RF C-scans for the last sample which contains delamination defect 
buried at unknown locations. The results indicate at least two regions of the defects likely 
locations i.e. around the centre and at the top right of the sample. The former can be observed 
at ca. 200 MHz and the latter at around 100 MHz. Likewise, the UT C-scan shown in Figure 
12 are in decent agreement with RF results which reveal two major faults in the sample. 
 

 



   
 

   
Figure 11. RF C-scans obtained at various frequencies for a CFRP composite sample 

with delamination. 
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Figure 12. Ultrasonic C-scan of a CFRP composite sample with delamination. 

 
5.  Conclusion 
 
A total of 3 representative CFRP composite samples have been measured using both the 
RFIT and conventional UT techniques. Based on the laboratory results, it is shown that the 
RFIT method is well applicable to the defect detection of planer CFRP composite materials. 
Taking account of the anisotropy of the material properties in the CFRP samples, the RFIT 
measurement clearly demonstrates the detection of the orientation of internal failures. In 
comparison with the immersion UT, results show that the UT technique is capable of 
detecting similar defects (hole, crack and delamination), albeit with a lower confidence level. 
According to these results, the size and the depth of the defect can be distinctly observed with 
varying the frequency of RFIT (i.e. lower frequency for deeply buried defect and higher 
frequency for surface or sub-surface defects). It is also worth noting that the resolution for the 
RFIT can be improved by having a smaller step size on the scanner, however, this will 
inevitably increase the inspection time. At the current stage, further work on the automated 
RF inspection for curved CFRP sample is planned. This will be realized with the aid of a 
motorized scanner capable of handle such conformable measurements.  
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