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Abstract 

CFRP has witnessed increasing relevance partly because of 

its application in modern day constructions, especially in 

the aerospace sector. The light weight and high strength of 

CFRP makes it a good fit for several applications. 

Owing to its rather recent introduction into aerospace and 

the high safety need in this field, there is a continuous effort 

in ensuring that detection and characterization of flaws, as 

well as the installation of health monitoring on CFRP, is 

optimized.  

With geometrically simple structures (like flat plates), there 

have been several documented successes in defect detection 

and sizing using various NDT methods. The more 

geometrically complex a test sample is, the greater the 

challenge of getting accurate measurement.  

In this work, we detected and sized 5 inclusions on a 

complex shaped composite specimen (CFRP) with four 

NDT methods, viz: digital x-ray radiography, x-ray 

laminography, thermography, and air coupled ultrasound. 

Additionally, we investigated and outlined the challenges 

faced and recommended strategies to overcome them. A 

structural health monitoring (SHM) design was proposed 

for a T-profile structure bonded to the specimen, with a 

view to monitor any degradation of the bond. 
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1. Introduction

In recent years, the usage of composite materials as an 

alternative to classically used materials (e.g., steel, titanium, 

aluminum, etc.) has witnessed a significant increase. 

Composite materials offer an impressive reduction in 

weight while maintaining a comparable mechanical 

strength. However, the rise in the usage of composites has 

invariably increased the cost of component repair, the 

difficulty of composite forming, and the difficulty of failure 

detections. From a mechanical point of view, composites 

differ from classical material in the directionality of 

strength and are characterized as brittle materials [1, 2]. The 

anisotropy influences physical properties that ought to be 

observed, which in turn influences non-destructive testing 

(NDT) measurements and defect 

identification/characterization [3, 4]. Structural health 

monitoring (SHM) aided the development of composite 

material. Multiple approaches were taken to implement 

transducers within the composite layers such as 

piezoelectric transducers [5], fiber optics [6, 7] and micro-

electro-mechanical systems (MEMS) [8, 9]. However, these 

techniques were developed for curved and strait composite 

panels and they suffered when applied on multi-curved 

composite specimens. The most common defects that form 

during the manufacturing process of multi-curved 

specimens are inter-laminar defects [10].  

In this paper, we will consider a multi-curved specimen, 

with a T-shaped profile glued on it. The aim is to utilize 

different NDT methods that can be used to effectively 

identify manufacturing defects (specifically inclusions). The 

implemented NDT solutions included active thermography, 

digital x-ray radiography, x-ray laminography and air-

coupled ultrasound imaging. The selection of the above 

listed NDT methods were based on defect detectability, as 

well as considerations for implementation as a quality 

assurance (QA) tools in manufacturing line. The digital x-

ray and x-ray laminography provide the most accurate 

results and has the ability to detect delamination, porosity, 

undulation and fiber cracks. Thermography and air-coupled 

ultrasound are characterized to be robust and fast in terms 

of preparation and extraction of results [11, 12, 13]. 

2. Specimen description

The CFRP specimen investigated in this paper is a complex 

shaped piece with multi-curved surfaces. It is handmade in 

prepreg technology under autoclave curing and is a multi-

layer monolithic structure. There is a variation in the local 

number of piles in the structure. There are 5 inclusions that 

are contained in the CFRP which should be detected and 

sized. Along with the inclusions, there are various foreign 
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objects which do not consist of the basic material of the 

sample but are involved in the manufacturing process. 

The minimum defect size to be documented is 3x3mm. 

A T-profile structure bonded at the back of the specimen, 

with the bonding having a contamination that should be 

detected. SHM of the bonded part should be proposed for 

monitoring any further degradation of the bond. 

 

 

Figure 1: Front view and back view of CFRP specimen 
 

3. Active thermography 

 

Active thermography requires the use of an external 

stimulus to generate relevant temperature differences not 

present otherwise. Known characteristics of this external 

stimulus enable quantitative characterization such as for 

instance the depth of a detected defect [14]. An IR camera is 

used to detect the temperature behavior of the component 

under test. An infrared camera (IR) is used to detect 

temperature behavior of the component under test. The use 

of Thermography for Nondestructive Testing (NDT) of 

composite materials has increased dramatically in the past 

decade. Applications range from maintenance of in-service 

aircraft to process control for the manufacture of large 

aerospace structures [15]. This work explored the 

advantages of sensitivity and speed of the measurement, 

sub-surface defect detection, defect depth, and thermal 

diffusivity. In this study, an active Thermography setup was 

used in the reflecting mode where both the heat source and 

the IR camera are positioned on the same side. Fig. 2 shows 

actual representation of active thermography setup and 

Table 1 shows the active thermography setup specifications.   

 

 
Figure 2: Active Thermography setup in the reflection 

mode, showing 4 flash tubes and an IR camera.  
 

 

Table 1: Active thermography setup specifications 

Parameter Short description Value 

Distance 

Camera to sample 75 cm 

Flash to sample 40 cm 

Heating 

Hensel flash head 

EH Pro 6000 4 x 6000 J 

within 3 ms Hensel generator / 

TRIAS 

Measurement 

frequency 
90 Hz 

Measurement 

range 
0…60 °C at 140 µs 

 

Frames 5000 (500) 
 

Filter Acrylglass 
8 mm to 10 

mm 

Field of view 

(IFOV) 
0.45 mm 

MFOV 1.35 mm 
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3.1. Measurement procedure for active thermography 

Due to the complex design of this multi-curved component, 

there are uneven regions and edges that will be difficult to 

measure with thermography. These regions are 

schematically represented in Fig. 3 

The scanning plan was strategized to get images of the 

specimen from different sides to have comprehensive 

inspection of the part. 
 

 
Figure 3: Schematic representation of edges and surfaces 

that would be difficult to investigate using thermography 
 

3.2. Thermography results  

 
 

Figure 4: Selection of areas of interest  

 
Figure 5: Temprature-time curve showing different thermal 

ranges 
 

Range I: Transient heat flow (Temperature at the surface 

decreases with time) 

Range II: low heat compensation processes in the test 

specimen and surrounding area (Temperature at the surface 

remains almost constant with time) 

Range III: lateral heat compensation processes in the test 

specimen and others in the surrounding area. 

From the time-temperature curves, range I and II give 

evaluable information; range III can interfere with the 

evaluation; range III of C1, C2 and C3 evolve well ahead of 

C4 and C5. 

 

 
a. Photo of front side                         b. Thermogram after 44 ms 

 
c. Thermogram after 176 ms          d. Thermogram after 1090 ms        

 

Figure 6: Thermograms subtracted after flash excitation of 

the front side of the specimen  

 

The square with red boarders highlights an indication that 

appears like 2 diamond-shaped inclusions with different 

material parameters, with the bigger haver and approximate 

sizes of 30 mm and the smaller of 28 mm. An alternative 

option would be a single diamond-shaped inclusion with 

poor adhesion to the surrounding material.    

The square with white boarders highlights an indication that 

appears like a thorn or splinter inclusion with a different 

material parameter. The size is approximately 30 mm long 

and 4 mm wide. An alternative option could be an 

insufficiently heated edge. 

The rectangle with green boarders highlights an area of 

indications that are suggestive of the following: different 

layer thickness, difference in bonding states and/or slight 

detachments.  
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a. Photo of side I 

 
b. Thermogram after 35 ms           c. Thermogram after 250 ms 

 

Figure 7: Thermograms subtracted after flash excitation of 

side I. The regions highlighted by white boarders presents 

thermographic patterns that are consistent with fiber 

breakages.  

 

 

 
a. Photo of side II 

 
b. Thermogram after 150 ms         c .Thermogram after 980 ms 

 

Figure 8 Thermograms subtracted after flash excitation of 

side II 

 

The area highleted by the white square presents a cooling 

pattern that reveals a possible inclusion of an approximated 

dimension of (25 x 25) mm.  

 

 

 

 
a. Photo of side III 

 
b. Thermogram after flash             c. Thermogram after 3740 ms 

 

Figure 9: Thermograms subtracted after flash excitation of 

side III 

 

The square with white boarders in Fig. 9 highlights an 

embosing part on side III of the specimen, with an indication 

suggestive of an inclusion with a different material 

parameter. The aproximated size is (30 x 30) mm.  

 

 

 
a. Photo of side IV 

 
b. Thermogram after flash             c. Thermogram after 420 ms 

 

Figure 10: Thermograms subtracted after flash excitation of 

side IV with red arrow pointing to a possible presence of a 

tiny defect 

4. Air-coupled ultrasound imaging method 

Ultrasound imaging has the advantage of providing direct 

information about the mechanical interconnection of 

different layers in CFRP samples. Conventional ultrasonic 
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testing techniques are not well suited for complex, 

lightweight structures due to a mismatch between 

transducer size and sample curvatures. Air-coupled imaging 

is advantageous since it does not harm sensitive surfaces 

and simplifies maintenance as long as access from two sides 

is provided for transmission imaging [16]. A matched pair 

of cellular polypropylene (cPP) ultrasound transducers [16] 

was used for transmission imaging of the complex CFRP 

sample. The advantage of cPP transducers when compared 

to conventional piezoceramic transducers is their lower 

acoustic impedance (0.03 MPa s/m). This leads to a better 

acoustic matching to air, resulting in higher efficiency for 

sending and receiving ultrasound. Thereby, the relevant 

piezoelectric constant is around 200 pC/N, which is 

comparable to piezoceramics at frequencies around 250 kHz 

[16]. 

The transducers featured a round aperture with a spherical 

focus with a diameter of 19 mm and 11mm, for the sender 

and receiver, respectively. Both focal spot sizes were close 

to 2.5 mm, which defines the spatial resolution of the 

imaging method. The transducers were positioned such that 

their respective focal spots were on the surface of the 

specimen at the x-y-position of the T-profile. Thereafter, the 

full sample was scanned point-wise (0.3 mm × 0.3 mm 

scanner resolution) in a 30-minute procedure. Due to the 

complex geometry of the specimen the distance of the 

surface to the ultrasound transducers varied, possibly 

resulting in slightly different spot sizes and hence different 

spatial resolutions. 

The emitter was excited with a series of 3 rectangular 

voltage pulses of 1800 V for the 1960 ns each. The 

repetition rate was 375 Hz.  

The transmitted and recorded ultrasound pulse signals were 

amplified by 39.5 dB and filtered with a 200 kHz high-pass 

filter and a 480 kHz low-pass filter. The resulting 

amplitudes are shown for each scanner position in Fig. 11. 

The bottom and left edges of the specimen could not be 

imaged due to reflections artifacts caused by the sample 

holder. 

 
Figure 11: Air-coupled ultrasound imaging in transmission 

using two polypropylene transducers, working at 250 kHz. 

Identified inclusions are marked with arrows. 

 

Three distinct inclusions were identified and marked with 

arrows in the resulting image. The horizontal and vertical 

inclusion lengths were estimated with the 6 dB drop 

technique. They were 22.5 mm by 16.8 mm, 5.1 mm by 

3.9 mm and 13.2 mm by 9.9 mm, sorted from left to right, 

with the horizontal estimate listed first. The error of each 

estimation is determined by the spatial scanner resolution 

and the signal-to-noise ratio and is close to 0.5 mm. 

 

5. X-ray laminography 

Radiography is one of the oldest NDT methods that exists 

and has served as motivation for the development of other 

NDT methods. The principle is based on detection and 

visualization of transmitted x-rays from a component under 

test. The differential attenuation of x-rays resulting from 

change in geometry or increase/decrease in density (e.g. due 

to presence of inclusions, pores, cracks etc.) of the 

component under test creates the latent information that is 

captured and visualized by different types of detectors. 

Radiography is excellent in the detection of defects 

embedded within the bulk of a material (such as inclusions) 

as considered in this study. 

Classical radiography has limitation of getting three-

dimensional objects in only two-dimensional plane, which 

means a loss of depth information. Computed Tomography 

(CT) utilizes 360-degree multiple projections of an object 

under test, and hence reconstructed images can give depth 

information.  When CT is not possible because of the limited 

access to install a 360-degree rotation system (e.g. in in-

service inspection applications), or a large aspect ratio of 

objects to be tested, a technique called laminography can be 

used to get depth information. This method is based on the 

acquisition of projected images under different angles of 

incidence from which depth information can be 

reconstructed by using e.g. a filtered back projection. 

Laminography acquisition algorithms such as rotational 

laminography, swing laminography, translational 

laminography, etc. for different geometries have been 

developed in the recent years [17]. In this work, we used 

laminography to visualize the contaminated bonding of the 

glued T-profile on the CFRP sample. 

5.1. Materials and Method 

An Yxlon x-ray source with a maximum voltage of 160kV; 

a focal spot diameter (EN12543) of 1.0mm and inherent 

filtration of 1.0mm Be was used for this study. The detector 

used was a Dexela 1512 with a pixel size of 74.8 μm; 

sensitive area of (145.4 x 114.9) mm and a resolution of 

1944 x 1536 px.  

The laminography setup has a manipulator with a 

maximum horizontal travel range of 980 mm. 

Imaging was done at 500 mm SOD (source to object 

distance), and a magnification of approximately 1. 
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Figure 12: Digital X-ray Image of CFRP sample 

showing superimposed images of two inclusions I 

(purple arrow), and II (yellow arrow) 

 

 
 

Figure 13: High-pass filtered digital X-ray Image of 

CFRP sample showing inclusions III (red arrow) and IV 

(green arrow) 

 

 
 

Figure 14: Digital X-ray Image of CFRP sample showing 

inclusion V (blue arrow) 

 

 
 

Figure 15: Laminography image of the bond of the T-

profile, at the region of the bond, revealing uneven bonding 

pattern which is suggestive of a contamination of the bond 

 

 

 
 

Figure 16: Laminography image of the bonded T-profile at a 

different depth. The arrow shaped feature on the image is 

not a defect, but an ink drawing on the surface of the bonded 

T-profile.  

 

 



7 

 

6. Structural health monitoring of bonded T-profile 

 

Structural health monitoring (SHM) approaches entail the 

usage of integrated network of sensors to monitor structures 

over time. This can be used for life estimation, and to 

increase safety and reliability [18]. The task of this study is 

to propose a SHM model to monitor the bonding of a T-

profile structure attached to the CFRP specimen.  

In this study, we propose an active sensing method using 

lead zirconate titanate (PZT) patches as actuators and 

sensors in a pitch-catch setup. PZT transducers for SHM in 

aerospace applications are increasingly being used as they 

are easily integrated elements that can generate and sense 

guided waves with good coupling efficiency and rapid 

acquisition over time [19, 20].  

The anisotropic makeup of the CFRP specimen considered 

in this study poses a great challenge when using Lamb 

waves for detection of damage because of propagation 

complexity that the waves undergo. Wave superposition, 

noise, dispersion, mode conversion, multi-mode presence, 

etc. are commonly observed wave behaviors and must be 

considered when analyzing the received signals [18]. 

Adding T-stringers on a composite panel usually increases 

signal damping e.g. of the A0 mode [19], and this property 

of damping of the received signals may be used for the SHM 

model. 

 

Two quadratic piezo transducers (e.g. the DuraAct P-

876.SP1, PI) of a similar size as the height of the bonded 

part of the T-profile structure can be used for this setup. 

Using transducers of the same height as the profile ensures 

wave propagation across the whole damping structure and 

enables the detection of partial detachments. For a reference 

experiment and to acquire a reference signal, each 

transducer can be attached to the CFRP at a different 

location on the CFRP specimen surface with a distance that 

corresponds to the later monitored length of the bonded T-

profile.  

 
Figure 17 A cross-sectional schematic representation of the 

proposed SHM model to monitor any further degradation of 

the contaminated bonding of the T-profile to the CFRP. 

 

A comparison of the reference signal and the T-profile 

signal should be tested between 80 kHz and 200 kHz. 

Thereafter, the frequency with the largest possible difference 

in amplitude can be chosen for the monitoring procedure.   

An increase in amplitude (until the reference signal is 

reached) indicates a lower damping due to the T-piece 

detachment. Although frequency sweeps during the 

monitoring could help further, the simple amplitude 

monitoring setup as described above will most likely be an 

effective SHM approach for the considered specimen.   

 

7. Discussions 

 

This study shows the results from the methods used for the 

detection and sizing of defects in a complex shaped CFRP 

specimen. The variations observed in the detection and 

sizing of defects in the methods used could be due to the 

following: 

For air-coupled ultrasound, the 6 dB drop method was used 

for assessing the size of defects. With this method, an edge 

is assumed when the amplitude of the ultrasound scanning 

signal drops by half. It is important to note that like every 

other measurement method, this 6 dB method has 

limitations and uncertainties that could lead to errors in 

actual size measurement. Additionally, the focus of the 

probe on the sample is not same through the scans due to the 

continuous change in the geometry of the CFRP specimen. 

Furthermore, because the sample must be between the 

transmitting and receiving transducers during the scan, there 

was a limitation on the number of inclusions detected due to 

complex shape of the specimen, and the location of certain 

inclusions, such as shown in Fig. 12 with the digital x-ray 

radiography.  

The active thermography method presented the advantage of 

fast image acquisition. With the active thermography 

method, all the regions with inclusions as revealed by both 

digital x-ray radiography and air-coupled ultrasound showed 

a thermographic indication of defects. However, certain 

patterns observed with thermographic imaging could be 

interpreted as detachments or change in thickness as seen in 

Fig. 6d above. Because there are various foreign objects 

which do not consist of the basic material of the sample but 

are involved in the manufacturing process, defects such as 

seen in Fig. 6c was more clearly outlined by the digital x-

ray radiography as an inclusion than with the active 

thermography method.  

The sizing of defects that is considered more accurate in this 

study is the Digital X-ray radiography and X-ray 

laminography. The challenge faced with this method was 

achieving the least object to detector distance.  Image 

processing and sizing of defects were done with the BAM 

ISee! image analysis software.  A summary of the results 

are outlined below. 
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Table 2 Defects and respective sizes from digital x-ray 

radiography 
Inclusion Location Size (mm) 

Inclusion I Fig. 12 (purple arrow) 20.1 x 28.8 

 

Inclusion II Fig. 12 (yellow arrow) 22.2 x 26.9 

 

Inclusion III Fig. 13 (red arrow) 12.5 x 13.7 

Inclusion IV Fig. 13 (green arrow) 6.3 x 6.9 

Inclusion V Fig 14 (blue arrow) 19 x 19 

 

7.1. NDT methods for quality assurance  

The results discussed in the previous chapters indicate that 

all the methods employed in this study can be used to flaws 

within the CFRP specimen. However, the integration of a 

specific method into the production line would require 

further analysis. [11] illustrated that NDT methods can be 

implemented through different phases of development and 

each stage has its own consequences on the final readings. In 

this study, we restrict the implementation of the NDT 

method as a quality assurance method to ascertain the 

integrity of the already built specimen. The efficiency of a 

selected NDT method will be based on three criteria namely: 

1) detectability and characterization of flaws; 2) special 

requirements of the NDT method; and 3) cost. All methods 

discussed in the study are contactless and hence, automation 

becomes relatively easier.  

It is evident that digital x-ray radiography and x-ray 

laminography are the best methods to detect bulk defects, 

pores, delamination, and fiber breakage. Additionally, 

multiple specimen investigation can be done at once, 

depending on the size of the specimen/detector. An 

automated feed-through scanning setup could be employed 

to reduce human involvement and hence decrease the overall 

measurement time.  However, the cost of such setup is the 

highest compared to the other NDT methods, keeping in 

mind that the usage of x-rays (being ionizing radiation with 

detrimental effects on biological tissues) requires isolation 

measures to be in place, e.g. shielding of the setup. A lot of 

safety regulations has to be complied with.  

On the other hand, thermography allows a rapid scanning 

and evaluation of the specimen. The rapid flash heating and 

image acquisition allow thermography to achieve a scan in 

the millisecond (ms) range. Additionally, thermography is 

more versatile in the experimental arrangement, i.e. 

reflection and transmission modes. Furthermore, this allows 

thermography to be applied to complex shapes and structure 

making it more attractive as a quality assurance method. To 

effectively investigate the complex shaped CFRP specimen 

considered in this study, multiple scans were needed, and 

hence, to implement this in a production line for QA 

purposes, an automated manipulator to change the 

orientation of a specimen and/or the detector could be 

employed to further shorten the overall scanning time. To its 

demerit, flaw detection with thermography decreases overly 

with thickness of the test specimen. This in turn limits the 

performance of thermography. For the cost considerations of 

a thermography setup, the IR camera contributes the most 

for the setup, and it depends on the working frequency 

range. The setup isolation requirements for thermography is 

minimal when compared to x-ray radiography and x-ray 

laminography.  

Air-coupled ultrasound requires two sided access of the 

specimen- one for sending the ultrasound energy, and the 

second for sensing the transmitted ultrasound energy. 

During this study, air-coupled ultrasound suffered drawback 

particularly with the complex shaped CFRP specimen 

considered, due to the multi-curved features on the 

specimen, and the limitation of the manipulator used. For 

effective imaging using the air-coupled ultrasound, a 

programmable 3-axis manipulator could be employed to 

ensure a constant focus of both the transmitting and 

receiving transducers to the surface of the multi-curved 

specimen through the scans. This could make air-coupled 

ultrasound relatively harder to be integrated into the 

production line of such complex shaped CFRP specimen for 

QA purposes. However, the contactless mode of operation, 

as well as the less need for isolation and safety 

considerations for this method could contribute to its 

advantage.  
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