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Abstract. The latest trend in automotive as well as in aviation industry indicates the 
substitution of metal components with carbon fibre reinforced plastic (CFRP) 
structures. Due to material-specific requirements, load-bearing zones of these 
structures remain as hybrid transition areas in the form of metal joints or 
reinforcements embedded in a CFRP base body. Consequently, CFRP metal hybrid 
transition areas are associated with an increased quality concern.  
 The present research is based on the formerly developed thermographic 
referencing procedure for representative defects in the CFRP component. The 
conceptualised approach comprises the methodological deduction of defective test 
specimens together with the stepwise variation of relevant thermographic testing 
parameters. 
 The complete documentation of certain thermographic regions of interest 
(ROI) on the actual component, as a part of appropriate thermographic parameter 
sets in a structured database, constitutes the scope of the current investigation. In 
this context, parameter sets are characterised by the achievable failure contrast with 
respect to the correlating measurement time. 
 The assignment of a database provides the user with task-specific guidelines in 
order to establish the corresponding testing set-up and to perform an optimised 
thermographic inspection. By this means, the referencing effort as well as the 
required measurement time can be reduced considerably. 

1. Introduction  

The present paper focuses on the structured documentation of a thermographic inspection 
zone (region of interest, ROI) on a CFRP metal hybrid component. It establishes the 
connection to formerly conducted research on relevant thermographic inspection 
parameters exerting considerable influence on the reachable failure contrast (signal-noise 
ratio – SNR) [1] as well as the methodological documentation of optimised parameter sets 
resulting in a maximum of SNR with respect to the required measurement time [2].  
Based on a theoretic discussion on thermographic effects of hybrid CFRP metal transition 
areas, a complete definition of a thermographic ROI is developed. This definition 
comprises various abstraction methods for characteristic elements of the ROI like the CFRP 
base body, additional metallic joints or reinforcements, characteristic defects as well as an 
optional manipulation of the ROI in the course of the thermographic investigation process.   
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2. Non-destructive Evaluation (NDE) Utilising Active Thermography 

The thermographic investigation method represents a fast [3], non-contact [3, 4] 
examination technique providing full field information [5] about the structural integrity of 
component regions. With regard to the NDE of CFRP elements in an industrial scale, active 
thermography implies high component flexibility [6] paired with cost efficiency [7] in the 
course of optional automation [6, 8]. Thereby, the modulation period of the excitation 
signal can extend to several minutes [3, 4], especially when applying optical lock-in 
thermography, whereas preferable testing times (some ms) can be achieved via impulse 
thermography [4].   
Conventional damages in CFRP structures like delamination, debonding, porosity, fibre 
fracture [6] or waviness are mostly detectable within a depth of approximately  
5 mm under the surface [4], whereas the minimum desired lateral failure size should be 
greater than the failure depth [4].  
 
Nevertheless, preceding research approaches regarding a suitable testing set-up as well as a 
correct appointment of appropriate excitation methods [6] and Fourier frequencies  
[1, 2] reveal the necessity of a complete documentation of the actual testing exercise in 
combination with the individually applied thermographic parameter sets. If necessary, an 
optional manipulation of the ROI during the thermographic investigation process paired 
with an ideal image generation time [8] have to be considered.  
The ultimate parameter sets to be documented correspond to the actual thermographic 
investigation task and are provided for a future thermographic examiner being faced with a 
comparable thermographic examination exercise. The knowledge-based storage of suitable, 
exercise-based parameter sets results in time saving regarding thermographic inspection 
planning as well as in an increased application certainty and reliability in the context of the 
by now non-standardised inspection procedures of active thermography [9].    

3. Parameterised Thermographic Testing Set-up  

The initial step to implement a parametric description of thermographic inspection 
processes comprises the entire documentation of the thermographic testing set-up. In this 
context, [1] demonstrates a possible approach involving a global coordinate system aligned 
to a central line starting from the ROI. The present research advances this procedure to a 
completely ROI-based method with respect to various normal vectors placed on the 
component surface.  

 
The orientation of the test specimen and its ROI is described by the angle β in horizontal 
(hor) and vertical (ver) direction. Thereby, β is referred to the global coordinate system. All 
other set-up parameters, which are as well subdivided in horizontal (hor) and vertical 
direction (ver), are referred to the ROI-inherent and to the component surface-inherent 
coordinate system respectively (index: ROI or o). These parameters include the orientation 
angle of the thermographic camera δ, the distance from the thermographic camera to the 
ROI centre d, the orientation angle of the excitation source α, the distance of the excitation 
source from the ROI centre a as well as the offset of an optional manipulation centre oB 
from the ROI centre with its translational velocity v and rotatory angular velocity ω.  
The excitation source, comprising an excitation signal focus A on the component surface, 
can be located within a certain offset oA from the ROI centre. On fundamental condition of 
a completely homogenous CFRP base body (e.g. lay-up, geometry, no further elements or 
openings, etc.) between the ROI centre and the excitation centre A, the measurement of the 
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offset can be performed directly on the component surface starting from the ROI centre in 
horizontal (hor) and vertical direction (ver). If the excitation source is positioned within a 
certain offset oA from the ROI centre, the orientation and distance of the excitation source is 
referred to the excitation focus A and its normal vector      on the component surface.  
In order to determine the present thermographic testing mode (reflection or transmission), 
the primary algebraic sign of the camera distance d clarifies the actual inspection side of the 
test specimen. If the secondary algebraic sign of the excitation distance a is different to the 
primary algebraic sign of the camera distance d, a transmission set-up exists. Equal 
algebraic signs of the distances a and d clarify a reflectional set-up.    
Figure 1 depicts the advanced, ROI-based parameterisation of the testing set-up. In this 
context, the documentation of the specific parameter set is to be executed at the beginning 
of the thermographic image recording.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Advanced ROI-based parameterisation of a thermographic testing set-up (exemplary upper view)  
with respect to the normal vector of the ROI     and the normal vector of the excitation centre     .  

Momentous documentation of the testing set-up at the beginning of thermographic image recording.  

4. Thermographic Inspection of CFRP Metal Hybrid Transition Areas  

The integration of CFRP in load-bearing structures leads to a reduction of weight and 
consequently to a saving of energy consumption in component application. Furthermore, 
low density and high stiffness of CFRP results in performance improvements of CFRP-
substituted machine elements. However, it is not advisable to substitute metal components 
entirely with pure CFRP [10]. Consequently, alternative advanced metal joint elements 
remain situated in the CFRP base body [11] to fulfil the material-specific requirements of 
the application-based load transfer areas of the component. These hybridised zones are 
defined as CFRP metal hybrid transition areas.  
Potential overloading of hybrid constructions may result in typical defects like delami-
nations or debonding [12] which elevate from the direct interface of the material mix and 
spread into the CFRP base body. Further imperfections of the CFRP base body can be 
generated by the manufacturing process (waviness, porosity, delamination caused by 
improper drilling parameters, etc.).  
The superior objective of the actual research represents the structured documentation of 
feasible thermographic parameter sets which lead to a detectability of relevant failure sizes 
in certain depths within the CFRP base body – especially adjacent to metallic joints or rein-
forcements.  
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A major challenge associated with the thermographic image evaluation close to metallic 
elements comprises a thermal zone of influence resulting in a glowing effect in the 
thermogram. This effect leads to a decrease of failure contrast adjacent to a metallic joint or 
metallic reinforcement [13] in the course of a CFRP base body inspection. In this context, 
the optimised thermographic parameter set, which is intended to be documented, varies 
depending on the distance of the ROI centre from the metallic element.   
 
The thermal zone of influence can be characterised taking four thermographic effects, 
partly referred to [14], into account:  
 

- Emission of the different materials in the hybrid transition zone within the ROI 
- Reflection depending on the orientation, shape and surface properties of the metallic 

element 
- Thermographic boundary effect with respect to the edge geometry of the metallic 

element 
- Shadowing of the metallic element obstructing the excitation signal 

 
Figure 2 illustrates the above-mentioned thermographic effects during the inspection of a 
metallic bushing in a CFRP base body via active lock-in thermography.  

 

 
 
 
 
 
 

 
 

 Fig. 2. Thermal zone of influence during the thermographic inspection adjacent to a cylindrically-shaped 
(left) and a rectangular-shaped hybrid transition area (right) – referred to [13].  

Zone of influence resulting from reflection, emission and thermographic boundary effect (a), from shadowing 
and emission (b) and from emission and thermographic boundary effect (c).    

 
Since these characteristic thermographic effects within a thermal zone of influence 
considerably affect the reachable failure contrast (signal-noise ratio, SNR), all of the above-
mentioned effects have to be taken into consideration in terms of a complete definition and 
methodological derivation of a thermographic region of interest (ROI).   

5. Methodological Derivation of a Thermographic ROI on the Surface of an 
Optionally Hybrid CFRP Composite Structure 

The thermographic region of interest (ROI) is defined as a potentially defective zone on a 
CFRP base body including optional metallic joints or reinforcement elements adjacent to 
the ROI centre. The ROI centre is positioned directly on the imperfection boundary, where 
the thermographic SNR is determined through the approach presented in [2]. In this 
context, the thermographic referencing process resulting in one specific parameter set is 
characterised by the complete variation of the Fourier frequency – either with respect to a 
maximum reachable SNR or to the optimal SNR within a preferably short measurement 
time. Thereby, the SNR should be measurable above a visibility level of about 1.2 [2].  
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5.1 Stepwise Determination of Appropriate ROI Boundaries  

Metallic elements, which have to be considered inside the ROI, are located within certain 
distances from the ROI centre. Thereby, these elements exert a measurable influence on the 
SNR because of their characteristic thermal zone of influence (see Figure 2).  
This circumstance leads to uncertainties regarding the determination of appropriate 
boundaries of a thermographic ROI according to the actual position of optional metallic 
elements which have to be taken into account.  
Figure 3 (upper view on the CFRP base body) describes a first 3-step approach comprising 
a complete spread of spherical ROI boundaries resulting in the final expansion of the 
thermographic ROI containing relevant geometries of optional metallic elements. The first 
expansion step addresses the question, if the ROI centre (normal vector    ) is located within 
the thermal zone of influence caused by any metallic element in the investigation areal. In 
this instance, metallic elements comprise a characteristic receiving point. If at least one 
influencing metallic element is recognised, the second expansion step leads to the 
necessitated documentation of extended metallic element geometries which have to be 
considered in terms of their influence on the SNR evolution at the ROI centre. 
Finally, the third ROI expansion considers the excitation centre A and its offset oA (ver: 
vertical, hor: horizontal) from the ROI centre. The excitation sphere (red marked zone in 
Figure 3) and its signal path along the specimen structure up to the ROI centre results in 
signal shadowing, signal reflection as well as signal extinction. This fact necessitates the 
documentation of all signal-influencing elements within the excitation sphere and the 
complete signal path from the excitation introduction (A) to the ROI centre respectively.  
Since further extensions of the metallic element geometries do not result in a measurable 
modification of the SNR evolution, simplified metallic geometry shapes exceeding both, 
the second as well as the third ROI expansion, can be approximated.  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Upper view of the stepwise ROI expansion with regard to optional metallic joints or reinforcements 
comprising a characteristic receiving point within a certain distance from the ROI centre (reference point, 

normal vector    ).  
Although the stepwise ROI expansion presented in Figure 3 constitutes a generally valid 
method for determining the boundaries of a thermographic ROI, there still exist various 
insecurities regarding the reproducibility and applicability of the entire approach with 
regard to a future providence of testing exercise-dependent thermographic parameter sets. 
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Particularly, the thermal reflection of glossy metallic elements within the inspection areal 
(final ROI expansion) results in complex interference mechanisms of the excitation signal 
with additional metallic elements as well as notches and inhomogeneities in the CFRP base 
body along the excitation signal’s path to the ROI centre. Concerning this fact, two 
applicable sidesteps can be taken into account: 
 

- The utilisation of optical active thermography allows a direct excitation signal 
introduction right at the ROI centre. In this way, the third expansion step is omitted. 
 

- Disturbances resulting from thermal reflection at additional metallic elements 
within the inspection areal can be considerably reduced or prevented with the aid of 
rough coating of the elements (e.g. by corundum blasting) and the use of special 
shielding foils respectively. These foils comprise a preferably high thermal 
absorption coefficient and generate an air gap between the foil material and the 
metal element surface.  

 
First positive experimental results concerning the above-mentioned sidesteps were already 
achieved. Thereby, the thermal reflection effect could be considerably reduced (Figure 4). 
In this way, solely the thermal effects of emission, shadowing and thermographic boundary 
effect have to be considered in the area adjacent to the metallic element.  
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Operation principle of a shielding foil (left) and corundum blasting (right) with regard to thermal 
effects of metallic elements (plate length: 35 mm, bushing diameter: 38 mm) in the course of an optical 
thermographic inspection. Phase image. Fourier frequency: 0.1 Hz, thermographic equipment: see [2].   

5.2 Geometrical Parameterisation of the CFRP Base Body and Optional Imperfections 

The specimen-based parameterisation of the thermographic inspection process opens with a 
fundamental approach concerning the CFRP base body. Based on a geometrical base body 
centre G, which is potentially projected on the base body surface (Gproj), Gproj is located 
within a certain offset oG from the ROI centre (     in horizontal (hor) and vertical (ver) 
direction (see Figure 5). The most complex base body geometry considered in the course of 
this research represents a double-curved CFRP base body structure which is described by a 
horizontal and vertical radius RBB.  
In the next step, characteristic defects in the CFRP base body, like for example a delami-
nation, can be abstracted utilising a cube-shaped geometry with its orientation ΦF, height 
hF, width bF and lengths – on the one side (lF,1) as well as on the opposite side (lF,2) of the 
ROI centre which is equivalent to the reference point of the imperfection (see Figure 5).  
The red marked area of the cube-shaped geometry represents the maximum peculiarity of 
the defect which has to be reached by certain overlays when applying the approach of 
image evaluation described in [2]. Outgoing from a defect-free region of the CFRP base 
body, the overlay geometries have to reach at least this area displayed in the thermogram.   
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Fig. 5. Abstraction and parameterisation of a double-curved CFRP base body (left). Parameterisation of  
an exemplary, structural imperfection (delamination) inside the CFRP base body laminate (right).  

5.3 Geometrical Parameterisation of Optional Metallic Joints or Reinforcements 

The final parameterisation of a thermographic ROI takes optional metallic joints or 
reinforcements together with their possibly necessary pre-drilling operations into account. 
Therefore, general geometrical descriptions (scalable CAD models) of joint elements and 
reinforcements have been developed (see Figure 6, exemplarily for joints). In the course of 
zeroising or setting certain parameters, the CAD model geometry approaches the actual 
joint or reinforcement geometry to be considered. Joint elements are provided with optional 
plate elements which are directly connected to the basic joint geometry (e.g. cylindrical 
metallic structure) involving a homogenous material transition. Beside further relevant 
thermographic parameters presented in [1], the required insertion technology (e.g. optional 
pre-drilling operation, adhesive bond, force fit or form fit) has to be documented for each 
metallic reinforcement or joint containing optional plate elements. In that context, 
employing an adhesive bond assumes a complete wetting of the involved transition surfaces 
(bonding gap) with glue. Figure 6 exemplarily presents the general, scalable CAD model of 
a metallic joint (left) together with a possible parameter setting for a bushing (middle) as 
well as a general parameterisation model concerning an optional pre-drilling and pre-
chipping operation (receiving point B, length lB, width bB, radius rB, height hB, orientation 
angle ϕB) respectively (right). The joint model features a receiving point V which is directly 
positioned on the reference surface of the metal element and consequently on the contact 
surface of the metallic joint and the CFRP base body. From there, the inner (hv,i) and outer 
height (hv,o) as well as the height of optional plate elements (hP) is measured. The joint 
model comprises certain radii (rv,o; rv,i) and lengths of the inside (lv,i) and outside (lv,o)  
geometry of the CFRP base body. The joint orientation angle is described by ϕV. Optional 
plate elements possess an inner (rP,i) or outer radius (rP,o) as well as a certain height hP and 
depth tP, measured from the reference surface.  
  
  

 
 
  
 
 
 
 
 
 

Fig. 6. Abstraction and parameterisation of a metallic joint – general CAD model (left) and parameter setting 
for a bushing (middle). General model concerning a suitable pre-drilling or pre-chipping operation (right).  
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Beside the above-mentioned parameterisation technique of metallic joints comprising a 
rotationally symmetric geometry, an additional approach was developed concerning 
metallic reinforcements (optionally bent inserts, bars, stringer elements, etc.). Dependent on 
the basic geometry of the reinforcement element, the specific receiving point V is either 
positioned congruent to the structural bending centre or directly on the material transition 
line of the CFRP base body and the metallic reinforcement (latter case, see Figure 3). 
Material borders or milling lines can be carried out (see Figure 6, right) through zeroising 
bB and lB and documenting the actual way of the mill or alternatively the location of the 
border line.   
Altogether, it becomes obvious that not all varieties of possible metallic joints and 
reinforcements can be abstracted and parameterized in the minutest detail employing the 
above-mentioned approach. Various uncertainties regarding the required detail of geometry 
documentation with respect to a general validity of the obtained parameter sets describing a 
thermographic ROI have to be dissolved. An additional inclusion of standard component 
catalogues involving currently standardized metallic elements, paired with explicit process 
guidelines ensuring a reproducible integration of joints [15] and reinforcements into a 
CFRP base body, leads to a universal ROI parameterisation and documentation method.  

5.4 Complete Process Chain of the Thermographic ROI Parameterisation    

The complete definition and parameterisation of a thermographic ROI can be summarised 
in specific coherent steps. First of all, the ROI centre has to be determined directly on the 
borderline of the relevant defect type with its size (e.g. length lF, width bF, height hF), depth 
tF and orientation ϕF. In the next step, the ROI is expanded to its final spherical borders. 
Subsequently, relevant metallic geometries (e.g. width bV, length lV and height hV as well as 
optional depth tV and orientation ϕV) are considered. If there is more than one SNR-
influencing element (inhomogeneities or imperfections, metallic elements, etc.) existent, 
these elements can be included through the equivalent, reapplied approach involving an 
offset (oF, oV) of the element-specific receiving points from the ROI centre.  
Figure 7 describes the basic, formal definition of a thermographic ROI comprising one 
imperfection (relevant failure type, size and depth) and one metallic reinforcement.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Basic formal definition of a thermographic ROI comprising a CFRP metal hybrid transition zone 

Through the documentation of relevant thermographic configuration and material 
parameters [1] as well as characteristic SNR progression curves with respect to the 
employed Fourier frequency of the excitation signal [2], a complete ROI-based 
thermographic parameter set is derived, which can be provided in a structured database.  
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6. Conclusion and Prospect 

This paper presented a novel approach to achieve a fundamental definition and structured 
documentation of a thermographic inspection zone (region of interest, ROI) on a CFRP 
metal hybrid component. Thereby, the CFRP base body and its geometry as well as the 
abstraction of relevant imperfections and optional metallic joints or reinforcements are 
considered. Furthermore, the approach takes relevant thermographic effects within the 
CFRP metal transition area and their influence on the SNR generation at the ROI centre 
into account. The approach represents one inevitable detail of a superior referencing 
procedure presented in [1] resulting in a structured documentation of optimised 
thermographic parameter sets [2] in a knowledge database. Nevertheless, further research 
on the determination of relevant metal approximation geometries which have to be 
considered in the course of the ROI expansion process (see Figure 3) has to be conducted.  
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