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Abstract 

The current development trend in automotive engineering as well as in aviation features an increased substitution of metal components by 
carbon fibre reinforced plastic (CFRP) structures. However, material-specific requirements make a complete replacement of a metal 
construction by CFRP structures impracticable. Consequently, metallic regions remain in the CFRP base body as metal joints or 
reinforcements. Frequently, these hybrid transition areas are involved with an increased quality concern. This research explores the 
methodological deduction of test specimens which allow an thermographic investigation of typical defects based on predefined industrial CFRP 
machine elements concretely (shaft coupling, hollow shaft, gripper arm). Thereby, the optimisation through systematic parameter variation and 
the structured parameter documentation in a database are focused within the present research. By deriving inspection task-specific user 
guidelines, the predominantly manual thermographic testing process can be considerably accelerated.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the “4th CIRP Global Web Conference” in the 
person of the Conference Chair Dr. John Ahmet Erkoyuncu. 
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1. Introduction 

The thermographic referencing process of carbon fibre 
reinforced plastic (CFRP) structures in order to ascertain 
optimal thermographic testing parameters for the subsequent 
documentation of the obtained parameter sets in a structured 
database constitutes the scope of the present paper.  

Preceding studies specify material-specific characteristics 
of CFRP metal hybrid compounds as well as the 
thermographic testing parameters exerting considerable 
influence on the failure contrast (signal-noise ratio – SNR) 
[1]. Defective test specimens referring to the material-specific 
parameters are inspected via variation of the relevant 
thermographic testing parameters for the purpose of achieving 
the maximal SNR as well as the optimal SNR in relation to 
the associated measurement time. Thereby, the attention is 
directed to special structures as a CFRP gripper arm.  

1.1. Thermographic inspection of CFRP metal compounds 

The inspection of CFRP metal hybrid components utilising 
active thermography is gradually intensified. Especially 
safety-related structures in the aerospace [2], automotive and 
energy industry are analysed assigning active thermography as 
a non-destructive evaluation (NDE) technique [3]. 
Nevertheless, a standardised inspection procedure depending 
on the actual thermographic testing exercise is currently non-
existent [3].  

Active thermography is capable of being employed during 
[4] and after the manufacturing process as well as concerning 
in-service testing in particular [5, 6, 7]. [1] declares typical 
stages extracted from a CFRP component lifecycle in which 
the application of NDE by active thermography is feasible.  

The signal-noise ratio (SNR) [8] arising from the 
thermographic inspection solely characterises the visibility of 

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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an imperfection. In particular, the modulation of the excitation 
frequency exerts remarkable influence on the obtainable SNR 
[1]. The signal-noise ratio (SNR) defines a failure contrast 
with reference to [9] and [10].  

                          
     

high and low represent average phase angle values in a 
damaged area (objective: phase contrast) while high,Ref and 

low,Ref characterise average phase angle values in a defect-
free area of the CFRP structure (objective: reference 
contrast). d expresses the global average value of the phase 
angle in a defective and Ref in a defect-free area of a region 
of interest (ROI) [1]. In this context, a ROI is defined as 
distinctly combined CFRP laminate materials paired with an 
optional metal joint or reinforcement. This material mix can 
include one specific failure such as delamination, fibre crack, 
or porosity [1].  

The conceptualised thermographic referencing procedure in 
regard to a ROI of a CFRP metal hybrid structure is presented 
in [1] (Figure 1). Further information concerning active 
thermography as well as NDE is provided in [11-14]. 

 
 
 
 
 
 
 

Fig. 1. Stadiums in a complete referencing process of a CFRP metal hybrid 
test specimen. A potentially defective CFRP structure is marked with a  

bolt symbol with reference to [1].  

1.2. Thermographic inspection of CFRP in the presence of 
metallic joints or reinforcements 

A major problem related to the thermographic inspection of 
CFRP structures comprises the thermal zone of influence 
resulting in a glowing effect, and consequently, in a decrease 
of failure contrast adjacent to a metallic joint or reinforcement 
[1, 15, 16] (Figure 11).  

The main objective lies on the determination of optimal 
parameter sets compromising over the minimal thermal 
glowing and the achievable SNR.  

2. Deduction and examination of defined defective test 
specimens regarding the gripper arm (structural element) 

2.1. Identification of heavily loaded structural areas with the 
assistance of the finite element method (FEM) 

The deduction of defined defective test specimens in 
dependence on the structural element is based on the finite 
element method (FEM). The FEM provides information about 
the inference regions, prognosticates the heavily loaded zones 
of the structure resulting from utilisation, and the expected 
potential defects [17]. Figure 2 demonstrates the load 
simulation applying the FEM on the structural element. 

Certain heavily loaded areas (ROI) to be focused on in a non-
destructive inspection process are declared.  

 
 
 
 
 
 
 
 
 

 
Fig. 2. FEM analysis of the gripper arm (structural element) and declaration 

of heavily loaded areas (max. static deformation: 1.72) in utilisation.  

2.2. Deduction of defined defective test specimens in reference 
to the FEM 

In terms of particular imperfections in the connection area 
of metal and CFRP, plate-shaped test specimens containing 
defined delaminations (polytetrafluoroethylene – PTFE slides) 
and fibre cracks (dissected fibres) adjacent to bolted joints 
were manufactured with reference to [1] and [18]. 
Furthermore, plate-shaped test specimens relevant to the 
connection area of bushings comprise delaminations, fibre 
cracks and debonding. Structures in a different shape as 
tubular specimens regarding bushings include artificial 
delaminations. The manufacturing process is described by the 
complete construction of the specimen, subsequently by the 
lamination process and finally by cutting and drilling as well 
as by the integration of the metal components (screws, bolts, 
bushings) in the CFRP base body (Figure 3).  

 
 
 
 
 
 
 
 

 

 

Fig. 3. Deduction, construction and building of defined defective test 
specimens resulting from heavily loaded areas of the machine element.  

The specimens were all manufactured containing the same 
symmetric lay-up composed of eight layers Prepreg (Table 1).  

Table 1. Basic lay-up of all test specimens in correspondence to the original 
industrial machine element. 

Layer no. Material Designation Orientation 

1 woven fabric CE 8201 KDK E201 ±45° 

2 unidirectional CE 1250-230-39 E201 0° 

3 woven fabric CE 8201 KDK E201 ±45° 

4 woven fabric CE 8201 KDK E201 0°/90° 
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The adhesive employed to integrate metal joints was 
Araldite 2015 Huntsman two component epoxy resin. The 
bushings with a diameter of 50 mm, 38 mm, 24 mm and 
10 mm were made of stainless steel (1.4104.05). The screws 
were placed into rivet nuts (RIVKLE with SKG, sizes M5, 
M6, M8) that were directly embedded into the CFRP base 
body of the specimens. Further bolted joints were realised by 
Cherry Maxibolt elements (CR7620S-06-03, 5 mm).   

2.3. Thermographic referencing procedure of test specimens  

The thermographic equipment employed for the complete 
investigation at iwb Application Centre Augsburg consists of 
the following components: 

Table 2. Thermographic testing equipment applied for the investigation of test 
specimens at iwb Application Centre Augsburg.  

Excitation  Source Description 

Optical Halogen 
spots 

Hedler (2x H25s lamps per spot,  
1250 W per lamp) and reflector  
“Hedler MaxiSun”  

Optical Flash light Hensel VH3-6000 Linear Head  
(max. flash energy: 6000 J) 

Eddy current Inductor IFF IS-0352 (coil length: 100 mm,  
coil width: 28 mm)  

Thermographic 
camera  
(IR camera) 

FLIR 
SC5000 

FLIR SC5650, cooled photo quanta 
detector, resolution: 640 x 512 pixel, 
sensitivity: 20 mK, temperature range:  
-20°C to +3000 °C, weight: 3.8 kg, 
maximum image refresh rate: 380 Hz 

Thermography 
system 

edevis® OTVis, PTVis, ThermoVis, 
image evaluation software: 
DisplayIMG 6 

 
The plate-shaped specimens resembling the fibre cracks 

contained cuts through the rovings (lengths: 3 mm, 5 mm,  
10 mm) in certain layers (1, 2, 3, 4 relevant to the connection 
area of bushings; 1, 3, 5, 7 relating to the connection area of 
bolted joints). The test specimens were examined by eddy 
current (30 kHz, Inductor: IFF IS-0352) before drilling and 
integrating metal elements into the CFRP.  

Table 3. Results of eddy current method by plate-shaped CFRP specimens 
containing fibre cracks in certain layers. Testing set-up: transmission, 
distance to surface of the inductor: 5 mm, excitation frequency: 30 kHz, 
lateral offset of the inductor to the ROI: 150 mm.  

Fibre crack 3 mm 5 mm 10 mm 

Layer 1  + + + 

Layer 2 o + + 

Layer 3 o o + 

Layer 4 ND o o 

Layer 5 ND ND o 

Layer 6 ND ND ND 

Layer 7 ND ND ND 

Layer 8 ND ND ND 

Detectability: + good, o insecure, ND not detectable 

 

Subsequent to the fibre crack referencing, the holes were 
drilled in CFRP structure with taking the actual positions of 
the artificial defects into account. By causing fibre cuts, 
drilling leads to the interruption of the current flow in the 
CFRP structure beginning from the lateral width of the hole 
and extending to its periphery along the fibre orientation in a 
certain layer. Drilling holes causes that merely the defects 
positioned exteriorly are still detectable. The reachable 
detection depth remains constant (Table 3).  

The integration of the metal elements like bushings, rivet 
nuts or bolts results in a decreased failure contrast. The 
detection of fibre cracks is solely possible in a certain distance 
from the metal element (about 10 mm) while the detection 
depth remains the same as shown in Table 3.   
 

The imperfections caused by debonding (defined lack of 
adhesive) are non-detectable employing the existent 
examination methods (optical - halogen, optical - flash, eddy 
current). These imperfections between the metal element and 
the CFRP base body were constituted solely of adhesive gaps 
extending to a maximum of 2 mm. The gap angle circulating 
the metal element (38 mm diameter) reached the magnitude 
180°. The delamination sizes and depths in the plate-shaped 
test specimens as well as in the tubular specimens are 
summarised in Table 4. To ensure validity, each failure was 
placed not less than three times in the test specimens, which 
additionally could be examined on the reverse.  

Table 4. Artificially integrated delaminations in plate-shaped and tubular test 
specimens, insertion and removal of PTFE slides after curing.   

Delaminations in plate-shaped specimens (x existent, - not existent) 

Delamination 
located beneath 

15x25 
mm 

25x25 
mm 

30x30 
mm 

40x25 
mm 

70x40 
mm 

90x40 
mm 

Layer 1  - x - x x x 

Layer 2 x x x x x x 

Layer 3 - x - x x x 

Layer 4 x x x x x x 

Layer 5 - x - x x x 

Layer 6 x x x x x x 

Layer 7 - x - x x x 

Delaminations in tubular specimens (x existent, - not existent) 

Delamination 
located beneath 

3x6  
mm 

5x10  
mm 

7x14  
mm 

10x20  
mm 

Layer 1 x x x x 

Layer 2 - - - - 

Layer 3 - - - - 

Layer 4 x x x x 

Layer 5 - - - - 

Layer 6 - - - - 

Layer 7 x x x x 

       

The initial stadium of the referencing process is 
characterised by investigating the existence of the artificially 
integrated imperfections as well as by the specification of the 
drilling positions in relation to the existent defects. The holes 
were positioned either on the delaminated area or precisely on 
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the defect margin. Figure 4 presents the thermogram of a 
referenced plate-shaped specimen possessing delaminations as 
well as the specified drilling positions.  

The positions 3, 4, 7, 8, 12 and 13 are highly suitable for 
the methodological deduction of the optimal, thermographic 
testing parameters to achieve a maximum failure contrast 
adjacent to a metallic joint.  

 
 
 
 
 
 
 
 
   
 
 
 

 

 

 
 

Fig. 4. Referencing defined imperfections of different sizes and depths 
employing active thermography (lock-in frequency: 0.01 Hz,  

halogen excitation, testing set-up: reflection).  

2.4. Further referencing with applying additional testing 
methods to ascertain the absence of additional damages 
resulting from drilling and cutting operations 

To ensure the non-existence of further damages caused by 
the drilling process, the plate-shaped test specimens were 
completely referenced by computer tomography (CT) and the 
ultrasound technique (US). By utilising these independent 
methods, the precise position and size of the artificially 
integrated delaminations could be verified.  

2.5. Thermographic parameter study in the absence of metal 
joints or reinforcements 

Following the second referencing stadium, the optimal 
thermographic testing parameter set is methodologically 
identified. In order to achieve this objective, the following 
approach was developed.  

Despite the fact that the examination should theoretically 
be realised in absence of a metal element, there is also the 
possibility to execute it in the presence of a metal component.  
However, this operation demands the non-existence of thermal 
interference between the metal part and the CFRP area to be 
evaluated. As the maximum failure contrast (SNR) is 
substantially affected by the lock-in frequency, this parameter 
was varied stepwise (1 Hz, 0.7 Hz, 0.5 Hz, 0.3 Hz, 0.1 Hz, 
0.07 Hz, 0.05 Hz, 0.03 Hz, 0.01 Hz, 0.005 Hz). On the 
contrary, the number of measuring periods (MP) does not 
exert noticeable influence on the SNR [1]. Therefore, a 
constant value of 3 MP to record phase images was used. 

The evaluation of the picture data was performed applying 
the Software DisplayIMG 6 (edevis®). Particular failure zones 
and intact areas were declared exploiting certain overlays 
(lines, squares) in the thermograms. The software exports the 
values of the phase angle pixel by pixel in dependence on the 
complexity of the overlay geometry, either along the line or 
within the limits. Figure 5 depicts the exportation of the pixel 
values relying on the phase angle along “failure lines” (F) and 
“reference lines” (R).  
 
 
  

 
 
 
 
 
 
 
 
 

Fig. 5. Referencing defined imperfections of different sizes and depths 
applying active thermography (lock-in, frequency: 0.03 Hz,  

halogen excitation, testing set-up: reflection). 

The phase angle along the lines as well as the differences 
between failure- and corresponding reference lines are 
demonstrated pixel by pixel (Figure 6 and 7). Alternatively, 
the mentioned lines can be extracted from rectangular 
overlays. This approach protocols the phase shift from an 
intact area to a defective zone in the CFRP structure  
(pixel 17-23).  

 
 
 
 
 
 
 
 

Fig. 6. Analysis of a thermogram created with one specific parameter set 
employing failure and reference lines.  

 
 
 
 
 
 
 

Fig. 7. Differences between failure and corresponding reference lines.   

In the final step of the parameter study, the phase contrast is 
determined by subtracting the averaged phase angle values 
deviating negatively and positively from a global average 
phase value (red line in Figure 7 and 8, see Formula 1).  
 
 

Metallic  
bushings 

D elamination 

-5.00 

0.00 

5.00 

10.00 

15.00 

20.00 

1 10 19 28

Difference 1
Difference 2
Difference 3
Average value

Phase [°]

Pixel [px]

P ixel 

D efect-free 
reference area 

-69.00 

-64.00 

-59.00 

-54.00 

-49.00 

-44.00 1 10 19 28 Failure line 1
Reference line 1
Failure line 2
Reference line 2
Failure line 3
Reference line 3

Pixel [px]
Phase [°]



222   Michael Jelinek et al.  /  Procedia CIRP   37  ( 2015 )  218 – 224 

 
 
 
 
 
 
 
 

Fig. 8. Determining of a phase contrast based on failure and reference lines 
(Figure 6) in reference to Formula 1.   

The SNR results from dividing the phase contrast values by 
a reference contrast, equivalent to a noise value (Formula 1), 
which can be determined in the same way as the phase 
contrast. Therefore, all overlay lines (failure and reference 
lines) are located in a defect-free area of the thermogram. In 
the analysis of the SNR obtained through variation of Fourier 
frequency (lock-in frequency), one or more maxima can be 
recognised (Figure 9). The accomplished studies lead to 
values of a barely visible thermographic failure contrast of 
“1.2” resulting from Formula 1.  

 
 
 
 
 
 
 
 
 
 

Fig. 9. Documentation of the failure contrast (SNR) varying the Fourier 
frequency (lock-in frequency) of the thermographic excitation.  

The measurement time to create a thermogram involves the 
evaluation of both the present parameter set and the resultant 
SNR values above 1.2. These values are divided by their 
corresponding measurement time in seconds. The resulting 
curve is shown by Figure 10.  
 
 
 
 
 
 
 
 
 

Fig. 10. Documentation of the failure contrast (SNR) varying the Fourier 
frequency (lock-in frequency) of the thermographic excitation, evaluated by 

dividing the values by the corresponding measurement time in seconds.  

The above-mentioned evaluation of the SNR leads to the 
conclusion that the documentation of two frequency values 
(maximum of SNR, optimal SNR in relation to the associated 
measurement time) in a structured parameter database 
concerning the optimal thermographic testing parameters 
emerges as reasonable.  

The results obtained from the inspection of both the plate-
shaped and the tubular test specimens by means of optical 
thermography (lock-in, impulse) are documented in Table 5.  

 
In general, the failure depth and the bending of the CFRP 

material exert direct influence on the Fourier frequency 
leading to an optimal failure contrast. On the contrary, the 
failure size solely plays a subordinate role in the determination 
of the Fourier frequency. 

Independent of the structural geometry, the flash excitation 
is feasible up to layer 4 whereby an intensified lateral thermal 
conduction by curved structures slightly reduces the depth of 
heat penetration (detection uncertainty at layer 4).  

Table 5. Results from the examination of both the plate-shaped and the 
tubular test specimens by optical thermography. First value: lock-in 
frequency (Hz) leading to a maximum of SNR, second value: lock-in 
frequency (Hz) leading to the optimal SNR corresponding to measurement 
time. “Flash”, if impulse thermography led to a visible SNR.  
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Flash 
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Flash 
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2.6. Thermographic parameter study in the presence of 
metallic joints or reinforcements 

The final stadium describes the determination of the 
optimal excitation frequency resulting in both a maximum of 
failure contrast (SNR) and the optimal SNR in correlation to 
the associated measurement time, adjacent to metallic 
elements like bushings or bolted joints. The issue of a thermal 
interference zone leading to a glowing effect, and 
consequently, to a decrease of SNR contiguous to the metallic 
element in the CFRP base body is clarified by Figure 11 
showing the behaviour of a plate-shaped CFRP test specimen 
equipped with bushings.  

 
 
 
 
 
 
 
 
 
 

 
Fig. 11. Glowing effect and the consequent decrease of SNR adjacent to 

bushings in a plate-shaped CFRP base body.   

The method to determine the required Fourier frequencies 
corresponds to the procedure already discussed, except the 
fact that evaluation of the SNR is to be performed in certain 
distances (px) from the margin of the metal component. Apart 
from the exploitation of conventional failure and reference 
lines, the possibility to extract phase angle values alternatively 
from rectangular overlays in the thermogram exists. It is 
obligatory, that the failure lines are completely embedded into 
the thermal interference zone caused by the metallic element. 
By this means, errors occurring in the phase contrast 
specification are precluded. Figure 12 illustrates one possible 
orientation of failure and reference lines by examining of a 
delamination adjacent to a metallic bushing.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12. Position and orientation of four failure and four reference lines  
(failure lines: white, reference lines: orange) to examine a delamination  

adjacent to a metallic bushing in a plate-shaped CFRP base body.     

 

Determining the optimal Fourier frequencies to achieve a 
maximum of SNR and the optimal SNR in correlation to the 
associated measurement time involves the generation of a 
phase contrast with subtracting the phase angle values along 
the failure and reference lines. Adjacent to metallic elements, 
the obtained differences vary depending on the distance of the 
failure lines to the margin of the metal element. In the 
analysis, four failure lines were exemplarily located in certain 
distances from a metallic bushing (1 px, 5 px, 10 px, 15 px). 
Figure 13 and 14 depict a decreasing SNR contiguous to the 
metallic element (the curve resulting from a distance of 1 px is 
not declining as intensively as the curve corresponding to a 
distance of 5, 10 or 15 px respectively).  

 
 

 

 

 

Fig. 13. Differences of failure and reference lines in certain distances  
(1 px, 5 px, 10 px, 15 px) from a metallic element in the CFRP base body.   

  

 

 

 

Fig. 14. Decreasing SNR contiguous to the metallic element  
(1 px, 5 px, 10 px, 15 px) in the CFRP base body.   

The interpretation of a CFRP metal hybrid ROI with 
varying Fourier frequency results in certain frequencies 
receiving a maximum of SNR yet close to the metal element 
(Figure 15). Inconsistencies as well as measuring errors can 
effectively be excluded from the evaluation by setting all SNR 
values lower than “1.2” to “zero” as well as zeroing the SNR, 
if the SNR neighbouring the metallic element possesses a 
greater value than the SNR in major distance.     

 
 
 
 
 
 
 
 
 

Fig. 15. SNR in certain distances (1 px, 5 px, 10 px, 15 px) from  
a metallic element in a CFRP base body. 

The final evaluation via division of the SNR by the associated 
measurement time in seconds is presented in Figure 16.  
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Fig. 16. SNR in certain distances (1 px, 5 px, 10 px, 15 px) from a metallic 
element in a CFRP base body evaluated in dependence on the  

measurement time. 

Despite the fact that the above-mentioned method has 
already been fully developed, it has to be validated by the 
application on further CFRP metal hybrid test specimens. The 
results of the validation process as well as additional, optimal 
thermographic parameter sets, which can be integrated into a 
structured database, are expected as outcome from the 
prospective research project. Concerning this matter, first 
steps have already been pursued regarding a CFRP coupling 
and a CFRP hollow shaft.  

3. Summary and prospect 

The present paper exhibits the capability of deducing 
defined defective test specimens based on industrial CFRP 
metal hybrid components. The usage of the FEM allows the 
characterisation of highly stressed zones and the 
corresponding defects in the inspected components.  

The inferred information enables the assembly of 
artificially defective specimens. The variation of relevant 
thermographic testing parameters – particularly the Fourier 
frequency – in order to obtain the optimal parameter sets 
constitutes a remarkable section of the referencing procedure 
which represents the fundamental step to standardise the 
thermographic inspection process. In this context, an optimal 
parameter set is characterised either by the maximal failure 
contrast or by the optimal failure contrast regarding a 
preferably short measurement time. 

 
The optimal parameter sets ultimately acquired through the 

thermographic investigation of defined defective test 
specimens – especially adjacent to metallic joints – are 
intended to be documented in a structural database, which has 
already been basically developed. 

The systematic storage together with the subsequent 
provision of the optimal testing parameters enables the 
enhanced execution of the thermographic inspection 
procedure and customisation for the user-requirements. Via 
realising the knowledge management in the form of a 
database, the thermographic testing process is optimised.   
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