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ABSTRACT   

The present research is focused on the use of different non-destructive techniques for detecting damage in CFRP 

composite structures obtained by an innovative technological process: Automated Fiber Placement. The component was 

a T-joint stringer adhesively bonded to a skin panel. The aim of the present work is to show the capability of these 

techniques to provide complementary information for detecting the damage in composites.  

Automated Fibre Placement consists in an automatic deposing of prepeg or dry plies on a specific mould. The innovation 

lies in the possibility to reduce the time of the manufacturing process of large and complex structures by using a robotic 

arm that contemporary deposes fibre tows and pre-polymerizes them. The resulting products present higher quality in 

terms of surface finish, internal flaws absent and higher mechanical properties.  

The T-joint component tested in the present research was addressed to both static and cyclic tests. After the damage was 

induced in the material it was performed a qualitative and quantitative study of the damage by using different non-

destructive techniques:  Thermoelastic stress analysis (TSA), Ultrasound tests (UT) and displacement/strain 

measurements provided by strain gages.  

Processing and post-processing procedures were developed to analyze the data from each tests and finally the 

comparison of the results allowed a complete characterization and an overview of damage in the component by 

observing specifically where and when it occurred and how many regions of the component were interested. Finally, 

dimension, shape and depth where assessed. 
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1. INTRODUCTION  

Composites present specific mechanical properties due to heterogeneity and anisotropic behaviour associated to a low 

density that make composites very competitive in different engineering fields. For instance, Aerospace field benefits of 

the high strength-to-weight ratio specifically for structural applications.  

The composite materials, however, can be affected by flaws induced by the technological process or by damage 

mechanisms during the in-service life. The presence of these flaws of course has a great influence on mechanical 

properties, specifically on ultimate tensile strength and endurance limit1,2. Moreover, the complexity of the damage 

mechanisms related to stacking sequence, technological process requires specific mathematical model to describe the 

material behaviour that of course varies from case to case.  

The complexity of studying the behaviour of composites, is furthermore increased in case of component or structures. In 

this field experimental technique represent a useful tool to understand/monitor the damage mechanisms and possibly to 

quantitatively evaluate damaged regions. 

In recent years, the experimental techniques were focused on localisation and characterisation (quantitative and 

qualitative) of the damage. The strain gages and fiber optics can be applied to the material, on surface or in the inner 

laminae respectively, and provide a great support specifically for the damage monitoring3-7. These techniques provide a 

local measurement of the strain. However, the issues of the just said techniques are related to the proper positioning of 

the sensors in order to achieve the correct measurement accuracy and to easily handle the sensors in case of replacement 

or removal3,4. On the other hand, the characterisation of small damaged areas, could require a dense sensor grid. 

Thermoelastic stress analysis (TSA) is a contactless, full-field technique that allows surface stress/strain measurements 

of a component undergoing in-service loading, by simply acquiring the temperature1,2. The technique is adopted also as a 
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non-destructive technique to localise and quantify the damage, in this sense it is useful for in-service monitoring of full-

scale components undergoing fatigue loadings 8-13. 

The aim of the present work is to compare the capability of the thermoelastic stress analysis in localising and estimating 

the damage to the other established experimental techniques (ultrasound, strain gages) for a T-joint CFRP. The T-joint 

panel were addressed to fatigue loading under displacement control. TSA exhibited a great capability in detecting when 

and where damage occurred compared to strain gages. The capability of TSA in determining the extension of damaged 

area was assessed compared to UT technique performed at the end of the fatigue test. 

  

 

2. THEORY: THERMOELASTIC STRESS ANALYSIS (TSA) 
 

When a material undergone a cyclic load in the material two kinds of heat sources develop: thermoelastic and dissipative 

heat sources. The first are reversible and are related to the thermoealstic effect that appears due to cyclic loading, while 

the second are related to the irreversible thermodynamics processess occurring in the material in presence of damage 

mechanisms such as: inelastic/anelastic behaviour, viscos-elastoplastic processes, friction made by rubbing 

surfaces1,2,14,15. 

In presence of adiabatic conditions, the thermoelastic signal for a non-isotropic material is correlated to stress changes in 

the principal material directions. 
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where α1 and α2 are the linear heat expansion coefficients while Cp is the specific heat at constant pressure and ρ the 

density and T0 the absolute temperature and ∆σ1 and ∆σ2 are the stresses in the principal directions. Generally, the 

thermoelastic stress analysis allows obtaining an uncalibrated thermographic signal proprtional to the peak-to-peak stress 

changes varying sinusoidally due to imposed load. By representing the signal S as a vector, the modulus is the amplitude 

of thermoelastic signal while the phase shift φ measures the delay between the thermoelastic signal and the reference 

signal 2: 
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where A is the calibration constant.  

In the time domain the thermoelastic signal variation can be represented by the following equation: 
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where s is the uncalibrated thermographic signal while ω is the system pulsation.  

 

 

3. MATERIAL, EXPERIMENTAL SETUP  

 
3.1 Material and Technological process 

The automated fiber placement (AFP) is a technological process where unidirectional tows of prepeg are deposed on a 

mould in a automated process16-18. The robot presents seven degrees of freedom to depose the prepeg. The robot presents 

a pressure roller that applies the correct pressure to compact the tow on the mould. Moreover, it also provides the energy 

for realising an initial stage of resin polymerisation (figure 1a).  
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The adopted material is a T-joint panel of CFRP composed by sixteen layers, the layup is [0/-45/45/90/90/45/-45/0]2. 

The component is a flat panel with a bonded T-stringer, figure 1b. As represented in figure, on the stringer there were 

applied holes in order to fix the component on the loading machine grips and to uniform transfer the load to the 

component.  

 

  
(a)                                                                           (b) 

Figure 1. AFP Robot made by Coriolis ® (a) 3D rendering of the component (b). 

 

 

3.2 Experimental Setup: strain gages. 

On the component, in total ten strain gages were installed on aeronautical component (figure 2b). The acquisition system 

of the signal from strain gages is the HBM Quantum X, the setup of gages on surface is represented in figure 2a. The 

adopted strain gages are of the same type self-compensed with a grid length of 6 mm and an electrical resistance of 350 

Ω and a gage factor of 2.155±0.5%.  

 

 

(a) (b) 

Figure 2. Setup of strain gages on surface (a); Component and strain gages (b). 

 

The software for analysing the results is CatMan Easy that requires an initialisation of strain gages characteristics, 

electrical bridge and calibration. It converts the electrical signal in the signal of deformation. Moreover, sampling 

frequency and supply voltage have to be defined. In this case, the sampling frequency was 75 Hz and the voltage were 

2.5V.   
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3.3 Experimental Setup: Ultrasound (US) 

Phased array system consists in a probes matrix that physically use progressive waves, opportunely coordinated and 

shifted each other’s.  

The wave-front generated by each element of the array at slightly different times combines with the impulses of the other 

elements to direct and shape the beam, in order to obtain a sharp focus and a different beam direction19-20. 

The Olympus OmniScan MXU was used for performing the ultrasounds analysis with the phased array (PA). It is 

equipped with an innovative probe of 64 elements (2.25L64-A2) that presents a frequency of 2.25 MHz. The probe is 

fixed on a plexiglass wedge. In order to perform the C-scan scanning it was used a Mini-wheel Absolute Encoder with a 

12steps/mm of resolution that is connected to the probe to acquire a syncronised data acquisition from the unidirectional 

moving probe. The scans can be visualised as C-scan maps, by using a suitable 2D data of the investigated surface of the 

component in XY coordinates. The measuring system is composed by the plexiglass wedge and the encoder, that are 

fixed on a thermoplastic holder moved along unidirectional path by an aluminium profile (figure 3a and figure 3b) 21 . 

 

  

(a) (b) 

Figure 3. UT experimental Set-up (a); moving system for the probe (b). 

 

In figure 4, the map of scanned region is represented. In figure are also represented the C-scan directions on the panel: 

parallel direction ed orthogonal direction to the stringer. The measures from the origin of the reference system are 

referred to the centre of UT probe.  

                        

 

Figure 4. Maps and scanning directions on T-joint panel. 
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3.4 Experimental Setup: Thermoelastic Stress Analysis (TSA) 

The component was addressed to cyclic tests. The load was applied on web of the panel while the panel was constrained 

in a specific loading system reported in Figure 5 that was fixed in the loading frame. The loading frame was a servo 

hydraulic Instron 8850 with capacity of 250 kN. The load was applied under displacement control in a stepwise mode 

were different displacement levels were assigned to the sample. The loading levels were reported in Table I, in terms of 

mean displacement, displacement semi amplitude and displacement amplitude. 

Infrared detector was positioned in front of the sample, the detector was a cooled made by FLIR series X6540 SC, with a 

640*512-pixel array and a noise equivalent temperature difference less than 30 mK. The thermal sequences were 

acquired at a frequency of 177 Hz. For each loading level of Table I, there is the related thermal sequence acquired. 

 

 

Figure 5. Experimental setup for TSA tests 

 

Table 1. Imposed displacement levels 

Level Smed  

[mm] 
  

[mm] 

ΔS  

[mm] 

1 1.90 0.80 1.60 

2 2.25 0.95 1.90 

3 2.81 1.19 2.38 

4 3.38 1.42 2.84 

5 3.94 1.66 3.32 

6 4.50 1.90 3.80 

 

Thermal sequences were processed according the analysis provided in 1. The algorithm for the signal reconstruction is 

described in Eq. 4 where Sm is the signal and provides pixel by pixel all the information on its components: 

 
)2sin(2)sin(1)( 0 tStSatStS m                (4) 

 

where S0 + at is the mean temperature, S1 and φ are the amplitude and phase shift of the thermoelastic signal and S2 is the 

amplitude of second order harmonics related to dissipative processes22-24.  
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Present research refers to the analysis of S1 parameter opportunely normalized by the displacement amplitude (Table 1) 

as an indicator of damaged area through fatigue cycles. 

In figure 6 the algorithm is schematically represented in order to quantitively estimating the debonding.  

 

 

Figure 6. Algorithm of thermoelastic data analysis  

 

 

4. RESULTS 

 

4.1 Strain gages 

In Figure 7a, are reported for all the strain gages the deformation variations (Δε = εmax – εmin) normalised by imposed 

displacement amplitude (ΔS) as a time dependent function for all the displacement level imposed. Referring to the results 

for the first load level, the Δε/ ΔS exhibits a low variability that remains roughly constant throughtout the load levels. 

After about 4000 s, at the fifth displacement level, it is observed by all the strain gages a deformation reduction. Only 

strain gage E1 exhibits a strain reduction (from 748 µε to 693 µε) in advance if compared to the other sensors.  

A more accurate examination of the strain measurements can be performed by considering mean strain normalised by the 

displacement amplitude, figure 7b. 

From the curves of figure 7b, it is observed that the deformation is still constant up to ΔS = 2.38 mm and it starts to 

reduce in the following steps. At a ΔS = 3 mm the curves show a severe decrease of deformation due to the incoming 

debonding on each side of the T-joint. 

The strain gage E1 presents strain values lower than others with a decreasing in the strain in advance with respect to the 

other gages. This is in accordance with Figure 7a. This can be explained by the fact that the E1 was setup on the edge 

where possibly the debonding started firstly. The gages E7-E6 installed on right side of the panel (Figure 2a) exhibit 

higher values of strain than E8-E9 on the same edge. Strain gages E4-E5 read a lower strain values in the same way as 

E3-E2 gages. This demonstrates as the right side of the panel is greatly damaged.  
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(a) (b) 

Figure 7. time-dependent behaviours of Δε/Δs (a) and ΔεMedio/Δs (b). 

 

 

4.2 Ultrasounds 

From ultrasound probes it results that there are debonding on both sides of the bonded region of the T-joint. The damage 

is symmetric while in central regions of the bond skin-to-web any damage results. 

In figure 8a it was presented a map of C-scan on the panel at 2.36 mm of depth on the left side of the stringer. The 

debonding detected presents a non-uniform damaged area of 8 mm on the total length of the panel. 

In figure 8b, the right side of the panel is represented in the C-scan maps. In this case the debonding is uniform and 

presents an extension of 10 mm.  

No further damage was detected in the inner part of the skin by varying the depth of C-scan. 

In figure 9a, the C-scan map at 5.28 mm of depth (UT signal of background echo) in the central part of the stringer 

where no damage was observed. The UT scan in the skin (figure 9b) in the central region do not show any damage.  

 

  

(a) (b) 

Figure 8. UT scansion of the panel: left side (x=134.6 mm) (a) and right side (x=162 mm) (b). 
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(a) (b) 

Figure 9. C-scan map central part at x= 146 mm: stringer (a) and skin (b). 

 

In order to characterise the damage, a reference criterion was established: it was fixed a threshold in the A-scan of the 

60%.  The peak of the UT signal due to debonding was of the 100% hence 40% higher than defined threshold. In table 2 

the results of the UT investigations were reported coupled with an estimation of debonded area (Δsdeb.). 

  
Table 2: Resume of UT investigation and debonded area  

Component Position [mm] Direction 

C-scan 

Depth 

C-scan 

[mm] 

Gain 

[dB] 

Δsdeb. 

[mm] 

Bonded area 

[mm2] 

N4 

x y 

134,6 0 Left side 2,36 14 8 
14064 

162 0 Right side 2,36 14 10 

146 0 Central region ≈5  14  NO damage 

 

 

4.3 Thermoelastic Stress Analysis 

As previously explained, the thermoealstic signal was used as parameter to estimate the damage.  

Firstly, a reference area, sound area, for the analysis was determined.  Specifically, there were individuated three areas: 

in the central part of the stringer (area C), and at left and right sides of the stringer, respectively A-B areas, as reported in 

figure 10. The signal S1/ΔS from these areas was evaluated for each load level of the test. In particular, by observing the 

figure, a signal reduction characterising the three area is present. 

In figure 11, quantitative data of maximum/minimum/mean values of S1/ΔS reveal that there is an initial phase of signal 

stabilisation through the loading and a decrease of S1/ΔS in the last part of the test. This behaviour is characteristic of 

area A-B-C. The final decrease of the signal can be ascribed to a reduction of loading bearing capability as the stringer 

debonding occurs. Moreover, as the debonding occurs, the material experiences a stiffness reduction. 

In general, the debonding process for the present panel is not uniform, there will be areas bonded and areas debonded, 

but the overall behaviour is characterised of course by a global stiffness reduction. This explains the signal reduction 

even in those area that area bonded. 

To obtain a quantitative evaluation of the debonded area, the analysis of the mean values of S1/ΔS in the three chosen 

areas was performed. This lead to fix a threshold to separate damaged from undamaged areas. The threshold adopted was 

the mean value of S1/ΔS of the A-B areas plus the standard deviation of the data in the same areas.  

By comparing the value of each pixel to the threshold, it is possible to assess a binarised map, figure 12, that leads to 

estimate damaged area. 

By simply observing figure 12 a quantitative comparison of bonded area between different loading levels is possible. By 

increasing the displacement level, of course the debonded area increases. The assessment of the number of pixels out of 

threshold lead to a quantitative estimation of debonded area. The damaged area was considered as the debonded area 

normalised by the nominal area. 
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Figure 10. S1/ΔS maps for different loading levels 
      

 

Figure 11. threshold values of S1/ΔS for different loading levels in areas A-B-C. 

 

 

Figure 12. Binarisation of thermoelastic maps to obtain debonded area. 
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5. DISCUSSION 

The results presented in previous sections show that the thermoealstic technique is capable of evaluating when 

and where damage occurs and possibly providing a quantitative estimation of debonded area. 

The thermoelstic signal, is specifically in very good agreement with the results provided by strain gages. In 

effect the significant thermoelastic signal reduction occurs at the same load amplitude as the strain decrease, 

in correspondence of the stringer debonding. Due to full field map, it is possible to quanitify locally, pixel by 

pixel the amount of damage, without stopping the test. 

The amount of debonded area was performed by counting the pixel over the threshold, figure 12. In particular, 

it was observed that in the first loading step (ΔS=1,6 mm) the area was roughly similar to nominal area, 18496 

mm2 (100% of nominal area), it means that no damage was present. In the loading level three, at ΔS=3,3 mm, 

the area reduction due to debonding of the stringer was about 4%, it means that the measured area was the 

96% of the nominal area. Finally, at the loading level, ΔS=3,9 mm the measured area was of 13712 mm2 and 

the debonded area was roughly the 30% of the nominal area. This last result can be compared to UT tests that 

were performed after the fatigue test. In effect, the debonded area obtained by thermoelastic map matched the 

area measured by UT with an error less than 1%. 
 

 

6. CONCLUSIONS 

In the present work, the thermoelastic stress analysis technique (TSA) was adopted for the damage evaluation of a T-

joint CFRP panel obtained by Automated Fiber Placement. 

The panel was subjected to stepwise cyclic loading under displacement control.  

The thermoelastic signal results were compared to the results provided by well-established technique: strain gages and 

UT. 

The thermoelastic stress analysis demonstrated great capability in detecting quantitatively and qualitatively the amount 

of debonded area. Moreover, the time instant at which damage initiated can be assessed. 

TSA with respect to UT and strain gages, allows continuous measurements and analysis and full field maps of the areas 

undergoing cyclic load. This is particularly advantageous for the in-service monitoring of structural components where it 

is not feasible to apply strain gages or to perform UT tests.  
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