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Abstract 

 
Skin-stringer CFRP sub-elements have been manufactured by using carbon nanotube 
(CNT) doped adhesive films while their electrical response has been measured. CNT 
dispersion is achieved by means of ultrasonication in an aqueous media with the help of 

a surfactant. Skin-stringer elements were subjected to a peeling test and crack length 

was also determined. It is observed that the electrical resistance increases with crack 

propagation, being able to distinguish between a stick-slip and a more uniform 

propagation. The proposed technique was compared to other NDT methods such as 

acousto-ultrasonics (AU) and electro-mechanical impedance (EMI). Slight changes in 

the measured AU and EI channels were noticed in comparison to higher variations 

observed in the electrical response of the CNT channel, proving a high sensitivity and, 

thus, a great potential and applicability for SHM applications.  

 

 

1.  Introduction 
 

Composite materials have become of interest because of their good specific properties 

when comparing with conventional alloys. For these reasons, the complexity of 

composite structures is increasing, making necessary the use of appropriate assembly 

techniques. 

 

Bonded joints present some advantages over bolted connections such as a more uniform 

stress distribution, avoiding the stress concentrations around the holes or a weight 

saving. However, their reliability is a challenging aspect as most of conventional non-

destructive techniques do not offer an accurate analysis for bonded joints. More 

specifically, there is some research on Fiber Bragg Grating (FBG) sensors, ultrasonic 
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waves and acoustic emission but many of these techniques are not easy to analyse or do 

not give a global information about damage (1-4). 

 

In this context, carbon nanoparticles and more specifically, carbon nanotubes (CNTs) 

which present exceptional both mechanical and electrical properties, are now attracting 

the interest of many researchers (5-7). When added to an insulator resin in an 

appropriate content, they create percolating networks inducing a drastic enhancement of 

the electrical conductivity (8,9). The tunnelling effect between adjacent nanoparticles 

and their intrinsic piezoresistive characteristic makes them very suitable for strain 

sensing applications (10-12). Therefore, this study is going to take advantage of these 

characteristics so a novel CNT doped adhesive film will be proposed.  

 

In previous works, the suitability of these CNT doped bonded joints has been 

demonstrated at coupon level (13). Single Lap Shear (SLS), Mode-I and Mode-II tests 

were carried out, showing a good agreement between the electrical and mechanical 

behaviour. More specifically, it is possible to distinguish between uniform and stick-slip 

behaviour. Moreover, the mechanical performance is not negatively affect by the 

addition of CNTs.  

 

This study is focused on demonstrate the capabilities of the CNT doped adhesive film in 

skin-stringer sub-elements. To achieve this purpose, several coupons were tested with 

and without artificial defects. In addition, the technique was compared with other NDT 

methods such as acousto-ultrasonic (AU) and electro-mechanical impedance (EMI) in 

order to prove the capabilities of the proposed technique.  

 

2.  Experimental Procedure 
 

2.1 Materials 

 

Multi-wall carbon nanotubes (MWCTNs) are NC7000, supplied by Nanocyl. They have 

an average diameter of 10 nm and a length up to 2 µm.  

 

The adhesive film was a FM300K, supplied by Cytec. It is an epoxy based adhesive 

with a knit tricot carrier, suitable for metal to metal, CFRP to metal and CFRP to CFRP 

joints. It allows a better control of the thickness when curing.  

 

Stiffened elements are manufactured by cobonding of a cured T stringer and a non-

cured skin, using a vacuum bag. The skin dimensions are 300x150 mm. The materials 

used are a 2x2 twill CFRP fabric Z19723-ABS5003P-HTA (926) with a layer sequence 

of [+45/0]s to get a 1.8 mm thickness while the T-stringers were provided by FIDAMC. 

 

2.2 Manufacturing process 

 

MWCTNs are dispersed by means of an ultrasonication process in an aqueous media. 

To achieve that, sodium dodecyl sulphate (SDS) is used as surfactant, in order to help 

the disaggregation of main agglomerates. CNTs and SDS are added in a 0.1 and 0.25 

wt. % respectively, based on previous studies(13,14) while the sonication time is set in 

20 min, at 20 kHz of frequency. Once dispersed, the CNT dispersion is sprayed over the 
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adhesive surface at a pressure of 1 bar. They are embedded during the curing process, 

allowing the formation of percolating networks through thickness.  

 

The stiffened element is manufactured by hand lay-up. The surface of the stringer is 

properly brushed and cleaned in order to have a good interface between the substrate 

and the adhesive. Then, the T stringer is positioned over the uncured skin and curing 

takes place under vacuum conditions. Curing cycle is set at 180 ºC during 150 min.  

 

In the case of damaged coupons, two types of artificial defects have been established: 

the first one is made by placing a solid release agent (Teflon) between the T-stringer 

and the adhesive film and the second one by putting a liquid release agent in the surface 

of the T-stringer. Defect configuration is the same in the two cases and it is shown in the 

schematics of Figure 1. 

 

 
Figure 1. Schematics of the artificial defects (red areas) positioning in the adhesive joint. 

 

 

2.3 Mechanical tests 

 

Skin-stringer sub-elements were subjected to peeling tests with a load applied in the 

stringer and a clamping system as shown in the schematics of Figure 2. Test rate was 

varied from 1 to 8 mm/min in order to see its effect on the mechanical and electrical 

response of the material.  

 

Electrical acquisition was made by means of electrical resistance measurement between 

two electrodes. They were made by copper wire attached to the substrate with silver ink 

in order to ensure a good electrical contact and sealed with an adhesive layer to protect 

them from environmental influences.  

 

Some sub-elements were used to compare the CNT measurements with acousto-

ultrasonics (AU) and electro-mechanical impedance (EMI) techniques. In this case, the 

position of the electrodes as well as the PZT sensors are shown in the schematics of 

Figure 2. These tests were carried out at 1 mm/min in order to clearly seen the 

correlations between the different monitoring systems.  
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Figure 2. Schematics of the applied load (in yellow) and clamping system (shown as the red surface) 

and the positioning of CNT electrodes, AU and EMI sensors 

 

 

3. Results and discussion 
 

3.1 Electromechanical tests 

 

Figure 3 shows two examples of electromechanical tests for a pristine skin-stringer sub-

element at different test rates. It is noticed that the electrical resistance increases with 

grip displacement as the crack is propagating inside the adhesive joint. Two different 

behaviours are observed by comparing the two graphs: the first one corresponds to a 

stick-slip propagation, with sharp increases in the electrical resistance; however, in the 

second graph it increases more uniformly, corresponding to a more stable crack 

propagation, as previously observed in other studies in Mode-I normalized coupons 

(13). 

 

  
Figure 3. Electromechanical response of skin-stringer elements showing (a) a sticks-lip and (b) a 

more uniform mechanical behaviour. 

 

 

By deeply focusing on the electromechanical results; several regions can be 

distinguished: the first one correlated to the first stages of the peeling tests where no 
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crack initiation takes places and the changes in the electrical response are only due to 

the prevalent effect of tunnelling distance between adjacent nanoparticles. The second 

one (correlated to piano hinge displacement of 10 mm) is correlated to sharp increases 

in the electrical resistance where crack propagation takes places in a more sudden way. 

The third one is correlated with arrest areas where crack is stopped, being a prevalent 

mechanism in the stick-slip specimen. Finally, the fourth region corresponds to the last 

stages of the mechanical tests where a sudden crack propagation takes place to final 

failure.  

 

3.2 Electrical response of damaged specimens 

 

In this section, the effect of artificial defects is analysed by using the same test 

conditions. In this context, Figure 4 shows the electromechanical response of two 

damaged specimens: the first one with the liquid release agent (Figure 4(a)) and the 

second one with Teflon inserts (Figure 4(b)). It is observed that the electrical resistance 

of the specimen with the release agent increases in a more stable way than the specimen 

with Teflon. This can be explained attending to the interface quality between adhesive 

and substrate. In the case of the liquid release agent, there is not a complete interruption 

of conductive pathways so their distribution through the adhesive joint is more uniform 

than in the case of the Teflon inserts where an insulator layer is placed between the 

adhesive and the substrate.  

 

  
Figure 4. Electromechanical response of the damaged skin-stringer elements with (a) release agent 

and (b) Teflon inserts. 

 

The schematics of the electrical pathways distribution is shown in Figure 5. The 

presence of prevalent pathways is correlated to a more unstable response, leading to 

sharp increases in the electrical resistance followed by arrest phases. Therefore, it is 

possible to distinguish between poor and good interfaces.   
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Figure 5. Schematics of electrical pathways distribution in the adhesive joint showing areas with 

poor interface and good contact. 

 

 

This effect is also observed in the mechanical response with sudden drops in the force 

channel in the case of the Teflon specimen. By analysing the curves in detail (Figure 6), 

a good agreement between mechanical and electrical performance is observed with 

sudden drops in the mechanical performance corresponding to sharp increases in the 

electrical resistance due to the breakage of these prevalent pathways.  

 

  
Figure 6. Details of the electromechanical response of the (a) release agent and (b) Teflon damaged 

specimens.  

 

3.3 Acousto-ultrasonics and electro-mechanical impedance comparison  

 

As commented before, different monitoring techniques were tested in several specimens 

in order to have a more complete overview among SHM systems.  

 

Figure 7 shows a waterfall diagram of the acoustic ultrasonic response in both the 

stringer (b) and the skin (a). It is observed that the signal amplitude increases in the 

skin-skin, while it decreases in the skin-stringer signal. This means that when crack 

reaches a propagation path between sensor and actuator, a transfer of the energy 

amplitude is observed. That happens in both channel seen in the first incoming bursts 

(red circle), as there is no longer a direct path for the skin-stringer signal. The opposite 

effect, therefore, takes place in the skin, where a sudden increase of the energy 
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amplitude is observed. The same effect occurs earlier (purple circle, crack starts 

growing) and later (green circle, crack length ≈ 100%) within the measurement).  

 

(a) 

  
(b) 

  
Figure 7. Waterfall diagram showing the evolution of the energy amplitude for (a) the skin-skin and 

(b) the skin-stringer wave propagation. 

 

In the consideration of the signals under energetic aspects with progressive measuring 

duration, both sensors initially show a drop in the energy in the signal (Figure 8). This 

effect can be attributed to the deflection of the plate. When the crack propagation 

reaches approximately 30%, a change in the behavior of the signals-energy curves 

shows up, in a similar way to the waterfall diagrams and a crack propagation becomes 

recognizable.  

 

The AU-system can detect the crack, by the change of the energy-flow, at 

approximately 45mm. The overlay of the deflection of the plate and the crack progress 

makes it difficult to detect the crack initiation. 

   
Figure 8. Trajectories of the crack propagation (left) and the energy levels of the skin-skin (middle) 

and skin-stringer signals (right). 
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Concerning the electro-mechanical impedance measurements, the complex electrical 

admittance of the piezoelectric transducer, which is the inverse of the electro-

mechanical impedance, depends on mechanical impedance of the monitored structure 

and the piezoelectric transducer. In this context, Figure 9 shows the susceptance as a 

function of the frequency at different moments of the peeling tests. Therefore, the 

changes in the mechanial performance of the sub-elements would result in changes in 

the susceptance as observed in Figure 9. However, these changes are not so prevalent. 

Only small shifts and changing amplitudes can be seen in the first 

resonance/antiresonance range. While the specimen is subjected to the load, no change 

in the signal is seen (comparison baseline to start) as desired, since crack propagation 

can observed without cross-sensitivities to loadings. Nevertheless the resolution of 

crack propagation seems to be low since we investigate first changes after the 13th 

measure, being these changes constant until the end of the test. 

 

 
Figure 9. Electro-mechanical impedance measurements as a function of test time showing the 

susceptance variation with crack length. 

 

 

Finally, Figure 10 (a) shows the electromechanical behaviour of this specimen. In this 

case, a significant change in the electrical resistance is observed with the crack length. 

The unstable increase of the electrical resistance is correlated to the presence of some 

areas with good and poor contact between adhesive and substrate, as observed in the 

schematics of Figure 10 (b). When comparing to the other monitoring techniques, a 

good sensitivity is observed. As the breakage of electrical pathways have a dominant 

effect on the changes in the electrical response, it can be concluded that it is possible to 

distinguish between the adhesive deformation, due to bending stresses at initial stage 

and crack propagation.  
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(a) 

 
(b) 

 
Figure 10. (a) Electrical response as a function of the crack length and (b) schematics of crack 

propagation showing the areas with prevalent electrical pathways. 

 

3.  Conclusions 
 

This work is focused on the monitoring capabilities of a novel CNT doped adhesive 

film. To achieve that purpose, several skin-stringer sub-elements were tested at peeling 

conditions while their electrical resistance has been measured. In addition, a brief 

comparison with other SHM techniques such as electro-mechanical impedance and 

acousto-ultrasonic has been carried out. 

 

The results show a good potential an applicability of the proposed CNT doped adhesive. 

Different ways of crack propagation can be distinguished by analysing the electrical 

response. It is observed that a more prevalent stick-slip effect corresponds to a more 

unstable increase of the electrical resistance. When comparing to acousto-ultrasonic and 

electro-mechanical impedance measurements, much higher sensitivity is observed. Due 
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to the overlay of the deflection of the plate and the crack progress makes it difficult to 

detect the crack initiation with the listed ultrasound techniques. 

 

Therefore, the proposed CNT doped adhesive films shows a great potential and 

applicability for crack propagation monitoring in skin-stringer sub-elements. The aim in 

the future would be to go to larger elements. 
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