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Abstract 
This work aims to analyze the sensing capability of bonded joints made with carbon nanotube 
doped adhesive film. Adhesives are doped by spraying an aqueous dispersion of carbon 
nanotubes with different contents of surfactant (sodium dodecyl sulfate).  Several single lap 
shear and Mode-I fracture energy tests have been conducted and their electrical response 
has been measured. It has been observed that electrical resistance increases with mechanical 
strain in SLS tests due to tunneling effect on CNT percolating networks. On Mode-I tests, it 
has been observed also an increase of electrical resistance with crack propagation along the 
bonding line. It is possible to see a clear correlation between electrical resistance and crack 
growth. In addition, a microstructural analysis has been carried out. It is noticed that carbon 
nanotubes are homogeneously dispersed along the adhesive film and the disaggregation 
effect of surfactant has been confirmed.  

 
1 INTRODUCTION 

To date, there are many research on carbon nanotubes (CNTs) due to their exceptional 
both mechanical and electrical properties [1, 2], which makes them very useful for some 
applications as lightning strike protection and structural health monitoring (SHM) [3, 4].  

The influence of CNTs in bonded joints has been evaluated by many researchers. It has 
been observed that the addition of carbon nanotubes to an epoxy adhesive improves the 
Mode-I adhesive fracture energy [5] and hygrothermal ageing behavior [6].  

This improvement combined with sensing characteristics of CNTs attract the interest of 
many research to develop SHM systems for bonded joints. However, most of research on 
SHM in bonded joints doped with CNTs is focused on paste adhesives [7, 8] and their 
electromechanical behavior on adhesive films remains to be investigated.  

The present study aims to characterize the electromechanical behavior of composite-
composite joints made with adhesive films. The motivation of that goal is due to the interest 
that adhesive films have on aerospace industry, as they are widely used for structural 
applications. However, many NDT methods are not able to ensure structural integrity along 
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the bonding line so the development of an SHM method becomes very interesting.  
In previous studies [9], electrical conductivity of adhesive film joints has been achieved 

with the addition of aqueous dispersions of CNTs with two different methods: mask and ink 
jet printing. In the present work, a mask method will be used by spraying technology.  

In order to characterize the electromechanical behavior of the adhesive film, several joints 
have been manufactured with different parameters of dispersion procedure. Single lap shear 
(SLS) and Mode I fracture energy (GIC) tests have been conducted and the electrical response 
of adhesive joints has been measured during these tests. In addition, a microstructural 
characterization of doped adhesive has been made in order to correlate the electromechanical 
behavior of joints to their microstructure.  

2 EXPERIMENTAL PROCEDURE 

Two different types of CNTs have been used both of them supplied by Nanocyl. The first 
one, NC3152, with a nominal length of 1 micrometers and an average diameter of 9.5 nm, 
functionalized with amino groups. The second one, NC7000, with a nominal length of 2 
micrometers and an average diameter of 10 nm. 

CNT dispersions have been prepared by ultrasonication in an aqueous solution with 
sodium dodecyl sulfate (SDS) as a surfactant. The time of sonication has been fixed as 20 
min and the weight fraction of CNTs is 0.1 %. Different weight fractions of SDS have been 
prepared in order to study the influence that surfactant could have on mechanical and 
electrical properties of adhesive joints. Adhesive films have been doped by spraying 
technology at a pressure of 1 bar at 40 cm distance and they were dried in an oven during 30 
min at 70 ºC prior to curing.  

Adhesive joints have been prepared by secondary bonding using unidirectional carbon 
fiber substrates. SLS and GIC tests have been conducted following the standards ASTM 
D5868 [ASTM D5868-01], and ISO 25217 [ISO 25217:2009], respectively. 

Electrical response of specimens has been measured using a software called Agilent. 
Electrodes have been made with copper wire attached to substrate surface with silver ink to 
ensure good electrical contact and sealed with adhesive. Several measurements along 
thickness direction have been made. Electrode disposition can be observed in Figure 1.  

A microstructural study of doped adhesives and joints has been carried out to determine 
both the influence of SDS content and failure type. This microstructural study was carried out 
by FEG-SEM, using a Nova NanoSEM FEI 230 apparatus from Philips.  

 

 
Figure 1: Electrode disposition for (a) SLS specimen and (b) GIC. In the case of the single-channel specimen, the 

electrode is the Channel 4. 
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3 RESULTS AND DISCUSSION 

As has been described previously, two different types of joints have been tested: SLS and 
GIC. The first one has been manufactured with different contents of SDS in order to evaluate 
the influence of the surfactant.  

3.1 Single lap shear tests 

Five different types of SLS have been tested, several with the neat adhesive (A), and the 
others twith 0.1 wt. % of CNTs and 0 (B), 0.1 (C), 0.25 (D) and 1 (E) wt. % of SDS.  The 
curing cycle was set with an initial heating ramp from 25 to 175 ºC during 45 min and an 
isothermal cycle at 175 ºC during 1 h. Curing pressure was set to 0.6 MPa. 

Table 1 summarizes the value of lap shear strength for each configuration. It is observed 
that weight fraction of SDS does not have a great influence on mechanical properties, 
although a maximum value of nearly 30 MPa is obtained for dispersions with 0.25 wt. % of 
SDS.  

Coupon LSS (MPa) 
A 28,48 ± 2,87 
B 26,84 ± 1,54 
C 28,09 ± 0,33 
D 30,53 ± 0,03 
E 25,58 ± 2,03 

Table 1: Values of Lap Shear Strength for the different configurations. 

Figure 2 shows an example of the electromechanical behavior of SLS joints. It is noticed 
that the value of electrical resistance remains nearly constant for lower strain levels and it 
suddenly increases when crack propagation takes places as it can be expected due to breakage 
of electrical pathways along the adhesive. These behavior is similar along the different 
specimens tested, so SHM capacity of doped adhesive films has been demonstrated. 

 
Figure 2: Electromechanical curve of a SLS joint for the Specimen A.  

3.2 GIC tests 

Several joints have been manufactured using a dispersion with 0.25 wt. % SDS due to 
their better mechanical performance and using the same curing cycle than for SLS specimens. 
Monitoring tests have been carried out with an electrode disposition as shown in Figure 1(b) 
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Many tests have been conducted using three and one electrode’s channel in order to see the 
possible coupling effects of electrical signal along the specimen.  

Figure 3 shows the electromechanical curves for both multichannel and single-channel 
specimens. It is observed that there are coupling effects between the electrical signal of the 
different channels. However, it is possible to detect crack propagation as sharp increases in 
the electrical resistances which are in good agreement with mechanical curves. In the case of 
the single-channel, the electromechanical behavior is better understood due to the absence of 
these coupling effects. Looking at the failure area of GIC specimens (shown also in Figure 2), 
it is observed that this sharp increases in the electrical curves coincide with the narrow dark 
bands.  

   

 
Figure 3: Electromechanical curve of GIC specimen for (a) multichannel electrodes and (b) single-channel 

electrodes and their correlation with failure area.  
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3.3 Microstructural analysis 

As it has been commented previously, a microstructural analysis of the adhesive film and 
dispersion state has been carried out in order to know CNT distribution. 

Figures 4(a) and 4(b) show FEG-SEM images of doped adhesives. It is observed that 
CNTs are distributed in a homogeneous way along the adhesive film, especially through the 
carrier, providing electrical pathways. On the other hand FEG-SEM images of the aqueous 
dispersion (Figure 4(c)) shows the effect of disaggregation that SDS have on the 
agglomerates which improves the dispersion state; although it was observed that this 
disaggregating effect does not improve for SDS contents much higher than 0.25 wt. %. 

 
Figure 4: FEG-SEM images of the doped adhesive at lower (a) and higher magnifications ((b) through the 

carrier) and of the aqueous dispersion (c).  

4 CONCLUSIONS 

SLS and GIC composite-composite joints with CNT doped adhesive films have been made 
and their electrical response to strain has been measured.  

It has been observed that electrical resistance increases with displacement during SLS 
tests, according to adhesive deformation. A sharp increase in electrical resistance is noticed 
when crack propagation and failure occurs.  

In the case of GIC specimens, it is possible to detect crack initiation and propagation as a 
sudden increase of electrical resistance which will allow to know the extent of damage.  

On the other hand, a microstructural analysis shows that CNTs are homogenously 
distributed along the adhesive and the disaggregating effect that surfactant has on the 
aqueous solution has been shown.  
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