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Abstract. Carbon fibre reinforced polymers (CFRP) have become a material of 
emerging interest for aeronautical structures. This requires this material to be 
qualified by means of NDT. However this qualification is currently time consuming 
with NDT techniques being considered state-of-the-art in aeronautics and hence 
established in industry. In excess damage mechanisms and their progression rate is 
so far hardly known which would allow damage tolerance criteria to be set for those 
materials making them possibly even lighter weight. 
 In a comparative assessment different techniques such as X-ray based 
computed tomography, Sampling Phased Array ultrasonics, eddy current or 
thermography have been used for monitoring different CFRP components with 
artificial flaws, having not been known to the inspectors prior to the experiment. 
 The presentation will provide the results of the analysis in terms of resolution, 
time and effort elapsed and will give some indications with regard to state-of-the-art 
of the different technologies considered and potentials of those in terms of future 
developments. 

1. Introduction  

Carbon Fiber Reinforced Polymers (CFRP) are a category of light weight material with 
excellent mechanical properties. An increasing number of applications has been sought and 
recent aircraft designs may exceed 50% in their structural weight consisting of CFRP. This 
has resulted in enhanced aircraft performance including lower fuel consumption and CO2 

emissions, and increased range. 
Application of those advanced materials requires NDT techniques and standards to 

be available equivalent to those known so far for their metallic counterparts. However as 
long as damage mechanisms in CFRP is much less known, as well as any damage 
progression behaviour, damages at a fairly small size with no damage progress to be 
expected during operation do have to be detected reliably. This is time consuming, 
specifically when considering the NDT techniques being standard in aerospace today. Any 
enhancement in damage detection speed, resolution and hence cost would further enhance 
the performance of CFRP structures and might CFRP to even become damage tolerant one 
day.  
State of the art NDT techniques used for CFRP component inspection in aeronautics today 
are radiographic and ultrasonic techniques (immersion, contact and squirter techniques). 
The squirter technique uses water jets to couple the ultrasonic waves to the material. This 
method is applied when components are very large or complex since it is difficult to 
immerse them in a basin or handle transducers accordingly. However there are other NDT 
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techniques around such as Sampling Phased Array for ultrasonic testing, or eddy current 
and thermography which have great potential in speeding up the inspection process. 

In this study four calibration specimens made from CFRP by an aerostructures 
company were inspected using ultrasonics Sampling Phased Array, computed tomography, 
eddy current and thermography techniques. Within the following paragraphs principles of 
these techniques as well as results obtained will be discussed. 

2. Principles of techniques used 

Sampling Phased Array 
Phased Array is an ultrasonics technique which has also been qualified for CFRP testing in 
aeronautics. A Phased Array system operates with an array of point-source transducer 
elements. The elements are triggered with time-delay so that an acoustic beam can be 
steered and signals received can be time-corrected. The wave-front resulting from 
superposition can be steered at different angles and focused. Sampling Phased Array (SPA) 
is a next step in advanced signal and image processing developed by Fraunhofer IZFP. The 
difference with SPA is in data being acquired by all the elements of the array when one 
element acts as a transmitter and each time domain signal is stored separately in an 
information matrix without phase summation. Signals stored are then processed off-line but 
in real time by means of Synthetic Aperture Focusing Technique (SAFT). This has 
generally resulted in greater inspection sensitivity and hence increased probability of 
detection of a defect to be observed in the vicinity of a component’s surface significantly 
[1]. 

 
Computed tomography 
X-ray computed tomography (CT) [2] is an image-forming non-destructive testing and 
evaluation method. While X-ray radiography is limited to deliver only two dimensional 
images, computed tomography delivers truly three dimensional images of an object. The 
specimen is placed between X-ray source and flat-panel detector, the positioning 
determines the voxel size. The specimen is rotating by 360° on the rotary stage. During the 
rotation some hundred radiographs, so called projections, are taken. A computer is used to 
calculate the three-dimensional image of the object. The results can be visualized either as 
sections (layer by layer) or as a 3D-modell of the object. A special advantage of the CT is 
that the volume image can be easily interpreted. Computed tomography provides an 
absolute measure for the radiation absorbed in each volume element, the linear attenuation 
coefficient µ is depending on the X-ray energy and the material densities. 
 
Eddy current 
An alternating current in a coil generates an alternating magnetic field surrounding the coil.   
When the coil is placed close to the surface of a conductive material, eddy currents are 
induced in the material. The eddy currents again generate a magnetic field in opposite 
direction to the exciting field. Defects in the specimen cause a disturbance of circulation of 
the eddy currents that goes ahead with a variation in the resulting magnetic field, being 
measured in the receiving coil as a variation of the impedance of the coil. Eddy current 
testing has been generally applied with electrically conductive materials such as metals. 
However also carbon provides conductivity although at a lower content of which has been 
taken advantage of here as well as on other occasions [3]. 
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Lock in thermography 
This is characterized by a periodic modulation of the thermal excitation where periodic heat 
flows and temperature distributions called a »thermal wave« are generated in the 
component to be inspected [4]. This wave is critically damped over one thermal diffusion 
length, which roughly describes the thermal penetration depth of this technique and can be 
controlled by the modulation frequency. The thermal wave is reflected at interfaces due to 
material changes, delaminations, cracks or inclusions and can then be detected on the 
component’s surface. Thermographic image sequences are recorded during the periodic 
excitation and are then correlated to a sine and a cosine function with the same frequency as 
the modulation frequency. As a result an amplitude and a phase value is calculated for each 
pixel, which constitutes an amplitude and a phase image. The phase image is ideally free 
from multiplicative disturbing influences like emissivity variations or inhomogeneous 
heating. Signal drifts and noise are suppressed. 

3. Specimens used for validation 

A first specimen called the »Planar-Plate« (Fig. 1, left) has a size of 359 x 307 x 14 mm³ in 
which 24 artificial flat inclusions were found lying parallel to the surface. The inclusions 
were found at three depths levels with eight inclusions each close to the surface of the 
inscription side, the opposite surface and in the middle of the specimen respectively. The 
dimensions of the inclusions are approx. 8 x 26 x 0.5, 26 x 11 x 0.5 and 11 x 11 x 0.5 mm³. 
Another specimen called »Four-Stepped Wedge« (Fig. 1, right) has a size of 
363 x 294 mm² with one side being stepped and the other being planar. The thicknesses of 
the steps are 8.6, 6.5, 4.3 and 2.3 mm. Thirty-one inclusions were found in that case being 
ordered at a distance of approx. 1 mm to each other from close to the surface to close to the 
surface on the backside. The dimensions of the inclusions are 10 x 10 x 0.5 and 
4 x 4 x 0.5 mm³. 

  
Figure 1. »Planar-Plate« (left) with inclusions. Radiographic image of »Four-Stepped Wedge« (right). 

 
The »Eight-Stepped Wedge« specimen (Fig. 2, left) is similar to the specimen before. 
However the planar side included a copper mesh. The specimen size is 400 x 150 mm. The 
thicknesses of the steps are 15.8, 12.8, 10.6, 8.6, 6.5, 4.4, 2.4 and 1.4 mm. The size of the 
inclusions are approx. 3 x 3 x 0.2 mm³ and 6 x 6 x 0.2 mm³. The specimen named »Clip« 
(Fig. 2, right) is an L-shaped plate. The dimensions of the planar areas are 40 x 125 mm² 
and 111 x 125 mm², and the thickness is 4.2 mm. Twelve inclusions were found at three 
different depth levels. The dimensions of the inclusions are approx. 3 x 3x 0.5 and 
6 x 6 x 0.5 mm³.  
 

3



                      
Figure 2. »Eight-Stepped Wedge« specimen with inclusions (left). Semi-transparent view on the stepped side 
surface. Inclusions closest to the planar surface (top row)  in the middle (middle row), furthest (bottom row). 

»Clip« specimen with inclusions (right). 

4. Test results 

4.1. Sampling Phased Array. 

      
Figure 3. Parameter: 5 MHz. »Planar-Plate« (left). C-Scans. »Four-stepped wedge« (right). 3-D image. 

 

                 
Figure 4. Parameter: 5 MHz. »Eight-stepped wedge« (left). »Clip« (right).  

 
Figure 4 (left) shows a B-Scan of the »Eight-stepped wedge«. The diagonal wavelike red 
line in the image indicates the reflection from the stepped side of the wedge. The red points 
above the line are from inclusions lying in each step of the wedge (see figure 2: left image, 
middle row). Figure 4 (right) represents the results of a C-scan of a planar area of the 
»Clip« specimen. Here, the mode »gate« was used which provides the maximum value in 
the interval from 0.7 to 3.7 mm depth from surface. As a specialized probe for radius 
inspection wasn`t available temporarily radius was not inspected (although radius 
inspection with Sampling Phase Array was done successfully before); all inclusions in the 
planar areas of all specimens were found.  
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4.2. Computed tomography 

Figure 5. »Planar-Plate«. First three images from left side: Parameters: 220 kV, 400 µA, 800 projections, 
voxel size 285 µm, integration-time 1,3 s.  

 
Figure 5 shows the images obtained by CT. Following nomenclature provided in Fig. 1 the 
more absorbing inclusions are 8, 9, 10 (first image left), 15, 16, 17 (second image) and 22, 
23, 24 (third image). The three images on the right include examples for the fifteen less 
absorbing inclusions indicated by the black arrows. A flaw probably coming from a 
missing roving is displayed on the fourth image from the left. Parameters applied on the 
right three images were 220 kV, 25 µA, 1200 projections, voxel size 142 µm, integration-
time 999 ms. Fig. 6 shows a region-of-interest reconstruction of the »Four-stepped wedge« 
(left) (Parameters: 220 kV, 200 µA, 1600 projections, voxel size 145 µm, integration-
time 500 ms), the »Eight-stepped wedge« (middle) (Parameters: 220 kV, 400 µA, 
voxel size 239.5 µm, integration-time 400 ms) with a CT-cut close to the surface of the 
planar side (four thickest steps) and inclusions placed in a row at the same depth, and the 
»Clip« (two images on the right) including a CT-Cut through the planar area and through 
the radius (Parameters: 200 kV, 300 µA, 1600 projections, voxel size 79 µm, integration-
time 285 ms). Fig. 7 depicts a region-of-interest reconstruction of the »Eight-stepped 
wedge« (Parameters: 220 kV, 140 µA, voxel size 87 µm, integration-time 1000 ms) where 
matrix imperfections and an inclusion can be seen on the right side. 
 

 

 
Figure 6. »Four-stepped wedge« (left), »Eight-stepped wedge« (middle) and »Clip« (right, two images). 

 

 
Figure 7. »Eight-stepped wedge« specimen with matrix imperfections and an inclusion at the right side.  
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4.3. Eddy current testing 

Results obtained are shown for the »Planar-Plate« in Fig. 8. Inclusions found in accordance 
to the numbering system from Fig. 1 were 8, 9, 10, 15, 16, 17, 22, 23 and 24. Parameters 
used for the left side results were half-transmission set-up, lateral pitch 3.5 mm, 
manipulator step-width (20 µm/15 µm), 20 turns, 5 MHz. The defects are shown twice due 
to half-transmission set-up. Pictures shown on the middle and right side result from 
inspections made from both sides. Parameters applied were reflexion set-up, 200 kHz, coil 
diameter 12 mm, manipulator step-width (0.2 mm/0.2 mm). Because of the lower frequency 
and the greater diameter of the coil inclusions in the middle of specimen were also found. 
Fig. 9 shows the results for the »Four-stepped wedge« (left) »Eight-stepped wedge« 
(middle) and »Clip« (right). All the inclusions were found for the four-stepped wedge, 
although the specimen was only tested from the stepped side. In this image the results of 
different frequencies and different probe angles are combined using simple arithmetic 
calculations. The eight-stepped wedge was tested only from the stepped side with 5 MHz 
where only inclusions in the vicinity of the surface were found since the copper mesh 
prevented eddy current testing to be performed from the planar side. The clip was scanned 
at 10 MHz from the planar side. All inclusions were found when testing from both sides. 
The radius area was not tested due to lack of a suitable transducer but is technically 
possible to be inspected as well. 

 

         
Figure 8. »Planar-Plate« results obtained with eddy current.  

 

     
Figure 9. »Four-stepped wedge« (left), »Eight-stepped wedge« (middle) and »Clip« (right).  

4.4. Thermography testing 

Fig. 10 shows the results obtained for the »Planar-Plate«  specimen. Parameters applied 
included a lock in frequency of 0.2 Hz and a camera pixel size of 320 x 256. Inclusions 
found from the inscription side are 4, 5, and 6 and with lower resolution 2, 7, and 8 based 
on the nomenclature provided in Fig. 1. Inclusions found from the back side of the 
specimen are 3, 18, 19, 20 and 21. Some inclusions were not found although placed close to 
the surface. The reason could be that the effusivities of the matrix material and of the 
inclusion material are very similar. Results obtained for the »Four-stepped wedge« are 
shown in Fig. 11 where lock in frequencies were varied between 0.5 and 0.025 Hz and 
shown as a phase image and an amplitude image respectively. With thermography testing 
from one side already all inclusions in this specimen were found. Fig. 12 shows the results 
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obtained for the »Eight-stepped Wedge« (left) and the »Clip« (right). A lock-in frequency 
of 0.05 Hz has been applied with the former sample where inspection has been done from 
the stepped side and results are shown as an amplitude image. Only inclusions in the 
vicinity of the surface were found. For the »Clip« the amplitude image is shown from a 
planar side while testing was performed from both sides including the radius with all 
inclusions found accordingly. 
 

 
Figure 10. Results obtained by thermography for the »Planar-Plate«  specimen, top side (left) bottom side 

(right) 
 

 
Figure 11. Four-stepped wedge specimen as phase image at lock in frequency 0.5 Hz (left), phase image and 

lock in frequency 0.025 Hz, amplitude image (right). 
 

          
Figure 12. »Eight-stepped Wedge« (left) and »Clip«. (right) 

5. Comparison of various parameters  

The two major parameters to be considered were performance and cost, where the former 
can be reduced to time in case a tolerable constant damage size can be provided. Using 
ultrasonics with the SPA option allows scanning speeds up to 5 m/sec to be performed. CT 
may be associated with a larger time effort, specifically when a component becomes large. 
The increasing advantage of CT has therefore to be seen with increasing structural 
complexity. Hence time required for scanning a component has to be seen in the range of 5 
to 30 minutes. The application of eddy current testing has to be similar to ultrasonics 
however with inspection speeds hardly exceeding 2 m/sec and might even go down to 
0.5 m/sec in case of four probes to be used in a multiplexing mode. The advantage of eddy 
current however has to be seen in the avoidance of any coupling medium. Lock-in 
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thermography allows a 300 mm x 300 mm area to be scanned within 100 seconds with the 
speed to be increased by a factor of around 3 when flash thermography is applied. Again 
thermography might be of an advantage when components to be inspected become more 
complex although limitations have to be seen with too much complexity as well. 

As regards cost of the NDT system there is some correlation that can be made to the 
size of the component to be inspected. Simple hand held systems may start in the area of 
around 6 k€ for Eddy current and may be in the range of 100 k€ or even more for a 
thermography, a robotics driven ultrasonic or a CT system, where the cost for the latter can 
even go far beyond. It is those numbers which then have to be related to the area to be 
scanned in a defined portion of time and at a respective resolution and reliability of the 
damages to be detected. This will then finally define which of the techniques might be the 
ones most worthwhile to be implemented. The various advantages and limitations of the 
different techniques considered are summarised in Table 1 below.    

 
Table 1. Advantages and Limitations 

6. Ongoing Development 

Sampling Phased Array. 
Reverse Phase Matching is an additional feature available with Sampling Phased Array 
(SPA) for the purpose of inspecting anisotropic materials. This involves adjustment of  
phase information according to the type of anisotropy of the material. This technique is 
very useful for inspecting austenitic welds as well as composite materials where properties 
may change with respect to direction.  

 
Computed Tomography / Computed Laminography 
Computed laminography is a special measurement set-up which permits a tomographic 
inspection of planar objects to be made which cannot be inspected by standard CT 
arrangements. By moving the X-ray source and detector in two planes parallel to each other 
and thereby fixing the angle between source and detector a detailed reconstruction of the 
focal plane is possible. This method avoids the problem of physical restrictions due to 
object size and geometry and is therefore uniquely suited to spacious items like airplane 
panels and shells of various sections, rotor blades and others.  

Technique   

Sampling 
Phased Array 

(+) 
(+) 
(-) 

fast 
real-time reconstruction and imaging 
couplant necessary 

Computed 
tomography 

(+) 
(+) 
(-) 
 

(-) 

real-time processing possible 
3D-µm-resolution 
relatively small density difference between fiber and matrix-material, 
therefore the contrast is small 
X-ray protection necessary 

Eddy current (+) 
(+) 
(+) 
(-) 
(-) 
 
 

fast 
cheap 
robust 
not applicable by copper mesh 
The penetration depth into the material is limited. In this comparison 
inclusions (dimensions: 4 x 4 x 0.5 mm³) up to 8 mm deep in the 
CFRP material were found. 

Thermography (+) 
(+) 
(-) 
 

applicable to complex geometries 
no mechanical scanning system necessary 
Only flaws close to the surface are detectable. In this comparison  
inclusions (dimensions: 4 x 4 x 0.5 mm³) up to 8 mm deep were 
found. 
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Eddy Current 
Anisotropic sensors arranged at different sensor angles, the use of multi-frequencies, phase 
rotation of complex eddy current signals [5] all give together a set of options to further 
enhance eddy current testing. A task is to analyse the data obtained through those options 
and to extract and combine the most important information in a smart manner.  
 
Thermography 
Initial experiments using spectrally resolved thermography and the method of imaging 
transient emission spectroscopy have indicated a chance for an improved characterization 
of shallow (up to 50 µm) regions on CFRP materials [6] which might help to enhance the 
performance of thermography. 
 
Data fusion 
By systematic variation and comparison of signals recorded, orientation of inclusions and 
defects will be achieved at a much higher signal-to-noise-ratio by ultrasonic techniques 
than this has been done so far. May be this can even be expanded to damages typical in 
CFRP such as delaminations, fringes, missing rovings, etc.. The POD and sensitivity with 
which a technique is able to detect an inhomogeniety depends on position and orientation of 
a defect, differences in material properties and other factors. Since each technique 
described here provides advantages and limitations as a result from the physical principles 
applied a combination of techniques associated with data fusion may be an option worth 
considering in case it might also meet a specific cost frame set for the analysis to be 
performed.  
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