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Abstract. Due to the rapid development of light weight materials for use in the 
aerospace industry, the test requirements for these materials and parts manufactured 
of them become more complex constantly. To meet these new and challenging 
requirements a single testing method is often not sufficient. Herein we present a 
multimodality approach by combining ultrasound testing, thermography and X-ray 
inspection . 

Introduction  

In the aerospace industry components are to be built using less material, having less weight 
in order to reduce production costs while at the same time keeping up and even enhancing 
the reliability during part lifetime. With these goals in mind, sufficient non-destructive 
testing methods get more and more important. Carbon fiber reinforced plastic (CFRP) is a 
groundbreaking material in aerospace applications with a high ratio of strength to weight 
and a new challenge for inspection methods. Mostly used in safety relevant structures the 
detection of subsurface boundaries and cracks is vital. Due to the increasing complexity of 
the CFRP parts one testing method alone is sometimes not sufficient. As the various 
inspection methods are sensitive to different defects and depending on the defects' context 
to surface and volume, combining methods is expected to improve the reliability of 
inspection.   

In this paper, we first describe the method of ultrasound testing (UT) followed by a 
method describing thermography and X-ray digital radioscopy as well as X-ray CT. Later 
on we introduce to a combination of the image data with image processing in order to 
detect material defects. Afterwards the results of our measurements with different methods 
and their combinations are presented and discussed.  

Methods  

Hereafter we present and evaluate the different testing methods with regards to depth range 
and resolution, contrast, reliability and suitability for different specimen and defects. As X-
ray is unlimited in depth but limited by the absorption of radiation by the material, 
ultrasound needs some minimal thickness, limited by the ultrasound wavelength in the 
material inspected. Lock-in thermography is limited to a maximal thickness by the maximal 
intrusion depth of the thermal wave, dependent on the thermal diffusivity and the lock-in 
frequency. So the methods complement one another. 
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1.1 Ultrasound testing  

For data acquisition and detection we used the REPHAMAT prototype system of the 
Fraunhofer EZRT, Fig. 1. With this system all UT inspection techniques can be realized 
including 16 channel phased array. In addition the new sampling phased array technique is 
available. Sampling Phased Array (SPA) is a novel phased array technology developed by 
Fraunhofer IZFP. [2-4] 

The SPA technique is an array technique which samples and stores the complete 
UT-information of every array element. A-, B- and C-scans can be provided online by fast 
summation respective reconstruction of the stored data. The advantages of this technique as 
compared to single channel-, multichannel-techniques, or the conventional Array-technique 
are: 
• Small, lightweight equipment with high inspection performance 
• More information per inspection time as compared to conventional phased arrays 
• Fast online image reconstruction 
• Inspectability of anisotropic material. 

As we inspect CFRP material, the last aspect is of special importance. Using SPA 
we have the full freedom to use any reconstruction algorithm on the complete dataset in 
online velocity, this enables us to use the so called Reverse Phase Matching or Inverse 
Phase Matching method which encounters the velocity of sound as a location dependent 
vector. Especially the directional dependency of Ultrasound is important at the CFRP-
Material. 

Figure 1: (a) block diagram of the REPHAMAT setup, (b) immersion tank and manipulator system 
 

 
1.1.2 Strengths and limits of ultrasound testing 

The strengths of this method are in its high content of information available with respect to 
sensitivity and with respect to its lateral and axial resolution up to half a wavelength. In 
addition it is able to find reflectors in far distances e.g. in the range of several meters. One 
of the advantages is that many techniques are available (normal beam, angle beam, pitch-
catch, mode conversion, array techniques…). In many cases 100% UT-inspection of a 
given component is possible as well as full automation at medium inspection times. 

A given limitation is that coupling to a given geometry is necessary, as well as 
scanning is necessary in most cases. The dead zone in the surface near region renders 
surface defects invisible. A lot of training and experience to apply the method is necessary. 
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1.2 Thermography 

1.2.1 Principles of optical and ultrasound lock-in thermography 

Active thermography is excitation of heat radiation in objects and its examination with 
image processing techniques. One can make use of the fact that heat can propagate as a 
wave, but it is exponentially dampened and its propagation speed is strictly frequency 
dependent.[6] 

Lock-in thermography chooses a periodic excitation, so that the signal can be 
analysed by Fourier methods to measure amplitude and phase of a thermal wave [7]. The 
lock-in method is very signal sensitive as it is phase-locked with the excitation, cancelling 
out effects on other frequencies. The phase contains information on the time shift from the 
excitation to the response. Nevertheless, the phase information of one measurement is not 
unique. Thus, one needs at least two measurements to determine the depth of a thermal 
interface. 

Optical lock-in thermography uses visible light for the thermal excitation of the 
object. The thermal wave traverses the object twice from the surface to the defect so depth 
information can be extracted from the phase. 

Ultrasound lock-in thermography uses ultrasound for thermal excitation through 
friction and thermo-elastic effects. This method may be very sensitive on the signal, as 
there is much less background as in the optical method. Inspection depth is double the one 
of reflection mode optical lock-in, as the heat is generated directly at the defect. Phase 
information is usable to calculate the defect depth. The measurement setups of these two 
techniques are shown in Fig. 2. 
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Figure 2: (a) optical lock-in thermography setup, (b) ultrasound lock-in thermography setup 

 
 
1.2.2 Strengths and limits of thermography 

Lock-in thermography is able to resolve surface defects and closed cracks which are 
difficult to discover with X-ray and ultrasound inspection. It is applicable to delaminations 
and layer disintegration, to fibre and epoxy nests as well to any type of internal layer 
structure with distinguishable thermal effusivities. 

Inspection depth is limited by exponential decay of the thermal wave and lateral 
diffusion. The thermal penetration depth is limited to 

ω
αμ ⋅

=
2  



with α being the temperature diffusivity and ω being the angular frequency (2π times the 
frequency) of the lock-in signal. 

Typically one reaches a depth of about 3.6 mm within an inspection time of 100 s 
with carbon reinforced plastics. In thermally isotropic materials, the minimal lateral size of 
visible structures is comparable to their depth. Typically, only one thermal interface is 
distinguishable, esp. body-to-air interfaces are very prominent and thermally nearly 
perfectly opaque. 

1.3 X-ray testing 

In the field of X-ray testing, we use two methods: digital radioscopy and computed 
tomography. Radioscopy is a two dimensional technique to acquire projection images, 
whereas tomography provides a three dimensional image of the tested specimen. Both 
methods are used in non-destructive testing depending on their different benefits and the 
aims. 
 
1.3.1 Digital radioscopy  

Digital radioscopy is a technique to acquire projection images of the specimen using X-
rays. The X-rays penetrating the specimen are detected by a flat panel detector. The 
information obtained is from the inside of the specimen but without information on the 
depth.  

In multi-modal testing it is important to measure in the same geometry as with the 
other measuring methods to make an image-matching possible. 
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Figure 3: (a) radioscopy setup, (b) CT setup 

 
Since when using two-dimensional projection imaging all internal structures and details are 
superimposed in the X-ray image, the contrast of a given defect is getting worse with 
increasing length of material that has to be penetrated by the X-ray beam. The fully 
automatic system for inline X-ray inspection ISAR developed at the Fraunhofer 
Development Center X-ray Technology EZRT is able to detect voids with a size of less 
than 1% of the total material thickness [1].  

This method is well applicable with thin CFRP panels to evaluate the stitching of 
the layers. With increasing thickness the absorption rises and the contrast is reduced. In 
more complex specimen you cannot evaluate the different parts of the sample and you 
cannot divide front parts from back parts. So this method is insufficient for complex 
geometries. 
 



1.3.2 Computed tomography 

Computed tomography is well known in medical imaging [8] as well as in non destructive 
testing. It is one possibility for 3D Imaging and reconstruction of a specimen. Especially for 
difficult geometries it has advantages compared to radioscopy, because you can evaluate 
single cross sections and extract the surface. 

For the measurement the specimen is rotated between radiation source and detector, 
and in different angle positions an image is acquired. From these projections you can 
reconstruct the whole volume via filtered back projection.  

1.4 Key features in comparison and image fusion  

The methods vary widely in their depth range and applications. In Table 1 the features are 
compared. 

Table 1. features of the different methods in comparison  

Method Scan 
velocity  sensitivity  depth 

resolution  
lateral 
resolution  

depth range application  

Radioscopy 
 

 seconds 
 

16 bit n.a. µm range unlimited 
(decreasing 
contrast) 

voids, porosity 

3D-CT minutes to 
hours 
 

16 bit sub-µm µm range unlimited structure, voids 

OLT 
 

seconds to 
minutes 
 

14 bit n.a. mm range 
(depth 
dependent) 

some mm 
(frequency 
dependent) 

delamination, 
cracks, coating 

ULT 
 

seconds to 
minutes 
 

14 bit n.a. mm range 
(depth 
dependent) 

some mm 
(frequency 
dependent) 

closed cracks  

Ultrasound 
 

minutes 14 bit sub-mm 
range 

sub-mm range dead zone near 
surface 

voids, 
delamination 

 
Therefore, it is useful to combine the methods, to combine the strengths and deal with the 
limitations. This can be done by image fusion. 

To perform the fusion an image registration is necessary.  The registration is done 
here by corresponding points and a projective transform. Depending on the specimen the 
corresponding points can be extracted from the image's shape and structure, or set by hand 
as little iron balls glued to the specimen with modelling clay.  

Results  

As results we present image data from different methods so as to show the difference in 
their information content as well as a combination of methods to show how they 
complement one another. 

2.1 X-ray Image in 2D and 3D  

In the X-ray images of a measured CFRP drill cone, you see the difference in information 
content between radioscopy and 3D CT. While you can inspect cross sections in 3D CT in a 
defined depth, in radioscopy you see only a shadow picture with little contrast, because of 
the object's thickness. Fig. 4 shows radioscopy images from two different views and cross 



section examples from the CT measurement. In addition you see a 3D reconstructed model 
with a void analysis performed. 

  

    
 Figure 4: (a) radioscopy images, (b) CT cross-sections, (c) reconstructed volume and voids from CT data 

2.2 Matching of ultrasound and X-ray image data  

The specimen used here is a CFRP drill cone with ca. 2.5 cm thickness and 8.5 cm in 
diameter. In Fig. 5 you can see a photo of the sample and a sampling phased array (SPA) 
scan of the specimen. In the middle section you can clearly identify two defects and the 
back panel below. In comparison you can see the same defects very clearly in the CT cross 
section image. 
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Figure 5: (a) sample, (b) SPA scan, (c) CT cross section 

 

2.3 Matching of thermographic and X-ray image data  

The matching of thermographic image data with X-ray data is performed with ULT, OLT 
and digital radioscopy. The specimen used for the measurements is a honeycomb structure 
with CFRP panels laminated onto on front and back. In Fig. 6b you can see that in 
radioscopy the honeycombs and the metalized film can easily be seen, but nearly none of 
the impact damages. In comparison to that in ultrasonic excited lock in thermography only 
the impact damage flashes up (Fig. 6c marked with the circle). The optically excited lock in 
thermography shows a little bit of both. In Fig. 6d you can see clearly the impact damage as 
well as the metalized film and some hidden structures deeper within the object. In all 
images you can see the clay marks for the image registration. The comparison to a CT 
measurement has not been done yet. 
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Figure 6: (a) sample, (b) radioscopy of the sample, (c) ULT image, (d) OLT image 

Summary and Outlook  

All presented measuring methods herein have advantages and limitations. But by 
combination of the results of each method we can increase the reliability in non destructive 
testing and therewith the safety, especially required in aerospace engineering. 

While the combination of ultrasound with X-ray or thermography with X-ray 
respectively is already in progress, the combination of ultrasound and thermography is an 
option still to be tested. Therefore it has to be checked whether the methods complement 
each other especially concerning their depth ranges.  
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