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Abstract 
Electrical and sensing capabilities of different CNT based nanocomposites have been 
analyzed. From electrical conductivity measurements and applying analytical methods, it is 
observed that three roll mill process has a stretching effect of carbon nanotubes. In addition, 
it induces the disaggregation of larger agglomerates. However, there is also a breakage 
effect due to shear forces induced by the rolls. It leads to an increase in electrical 
conductivity at first steps (in which distance between rolls is higher) and a stabilization on 
electrical properties at last steps (in which shear forces are more pronounced). On the other 
hand, monitoring tests at tensile configuration have been carried out for specimens 
manufactured at different process conditions. It is noticed that gauge factor of CNT 
nanocomposites increases with calendering steps due to an improvement of CNT dispersions. 
This gauge factor is higher when combined with toroidal stirring due to a better 
homogenization effect induced by this method. It is observed also that gauge factor is higher 
for lower CNT contents due to an increase on tunneling resistance.  

 
1 INTRODUCTION 

In the last years, the use of carbon nanoparticles has increased due to their exceptional 
properties [1, 2]. More specifically, the addition of carbon nanotubes (CNT) to an epoxy 
matrix, enhances its electrical conductivity [3]. This is due to the formation of electrical 
pathways. On the other hand, the piezoresistive properties of CNTs, and the tunneling effect 
associated to that, makes them very useful for structural health monitoring (SHM) purposes.  

To date, there are a lot of research on SHM with CNT based nanocomposites [4, 5] and 
many analytical and numerical models describing the electrical and electromechanical 
behavior of CNTs [6-9]. However, the correlation between manufacturing processes, 
dispersion state and electromechanical behavior of CNTs remains unclear.  

In a previous study [10], a novel analytical model to predict electrical conductivity has 
been developed. With this model it is possible to know dispersion state, given by average 
agglomerate size and waviness ratio of CNTs, by means of electrical properties of 
nanocomposite. 

The present work aims to establish a correlation between all of these parameters with 
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SHM capacity of CNTs which would allow to select the optimum dispersion technique 
depending on the necessity. To achieve that purpose, several tensile tests have been 
conducted with different dispersion techniques and varying process parameters. The 
electromechanical response has been obtained and a correlation between SHM behavior and 
dispersion state has been established.  

On the other hand, electrical conductivity was evaluated for different process techniques 
and parameters and using the analytical model previously developed, an average value of 
dispersion state parameters has been obtained. All of this, combined to electromechanical 
properties measured, would allow to have a complete knowledge of dispersion state on CNT 
based nanocomposites. 

2 EXPERIMENTAL PROCEDURE 

CNTs used in the present study have been supplied by Nanocyl (NC3150) with a nominal 
length of 1 μm and an average diameter of 9.5 nm.  

The epoxy resin was a low viscosity called Araldite LY 556. This a two component 
system with a hardener with a commercial name XB 3473.  

The manufacturing of nanocomposites was carried out in three different stages: (1) 
addition of the nanoreinforcement into the matrix and mechanical dispersion, (2) 
degasification of the mixture and (3) curing. 

Mechanical dispersion has been carried out using two different techniques: three roll 
mill ing and toroidal stirring. The parameters of the calendering process were optimized in 
previous studies [11] and different specimens were manufactured at different calendering 
steps which are summarized in Table 1. Toroidal stirring was carried out using a Dispermat 
dissolver at 6000 rpm with a rotating disc of 50 mm diameter.  

 
Cycle Gap 1 (First 

roll, μm) 
Gap 2 (Last 

roll, μm) 
1 120 40 
2 75 25 
3 45 15 

4-7 15 5 

Table 1: Parameters of three roll mill process. 

Degasification was made at 80 ºC during 15 min under vacuum conditions and curing 
cycle was set to 140 ºC during 8 h.  

DC volume conductivity was evaluated according to ASTM D257 using a Source 
Measurement Unit (SUM) of Keithley Instrument Inc. (mod 2410). The electrical resistance 
was determined by the slope of the current–voltage curve, from which the electrical 
conductivity can be obtained, taking into account the specimen geometry. Three specimens of 
each step of calendering process (10 x 10 x 1 mm) were measured. Silver paint was used to 
ensure good contact with the electrodes. The applied voltage was within the range of 0–20 V. 

Electrical response during mechanical strain was measured by means of the electrical 
resistance between two electrodes made with copper wire sealed to the nanocomposite 
surface with silver paint and adhesive. A software called Agilent was used to record the 
measurements. Electrode disposition is shown in Figure 1. Tensile tests were carried out 
according to ASTM D790.  
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Figure 1: Electrode disposition during tensile test. Electrode distance was set to 30 mm. 

3 RESULTS AND DISCUSSION 

As it has been described previously, two dispersion methods have been carried out in 
order to see their influence on sensing capabilities of CNT-epoxy nanocomposites. First of 
all, electrical conductivity was determined for each condition. 

3.1 Electrical conductivity measurements 

Electrical conductivity was determined for each step of calendering process in order to see 
the effect that three roll milling has on electrical properties of nanocomposites. Figure 2 
shows these experimental values. 

 
Figure 2: Electrical conductivity measurements for each step of calendering process. 

It is observed that there is a sharp increase in electrical conductivity (nearly one order of 
magnitude) with the first calendering steps. This is due to the stretching effect that three roll 
mill has on CNTs. However, a breakage of CNTs takes places when gap distance between 
rolls is very small (the last four steps of calendering process) and that combined effect leads 
to a much lower increase or even a decrease on electrical conductivity. 

As commented before, a novel analytical model which allows to know some dispersion 
parameters as waviness ratio and average size of agglomerates was developed [10]. This 
model is based on a revised scaling rule which redefines an equivalent percolation threshold. 
By applying these model, it is possible to calculate both waviness ratio and average size of 
agglomerates which are shown in the graphs of Figure 3. 
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Figure 3: Calculated values of (a) waviness ratio and (b) average size of agglomerates as a function of the last 

roll gap distance. 

It is noticed that both waviness ratio and average size of agglomerates decrease with 
calendering steps. This is due, as commented before, to the stretching effect that three roll 
mill have on CNTs. In addition, calendering improves dispersion state by diminishing the 
average size of agglomerates with each three roll mill step due to higher shear forces induced 
by a lower distance between rolls. 

 

3.2 Monitoring tests 

Several tensile tests have been carried out and the electrical response of the specimens was 
measured. The aim is to correlate electrical properties to sensing capabilities. In this 
particular case, apart from calendering, several specimens made by toroidal stirring were 
manufactured in order to know the influence of different dispersion procedures.  

Figure 4 shows an example of electromechanical curves for both calendering and toroidal 
stirring process. It is observed that sensitivity increases with calendering steps due to a better 
dispersion state (Figure 4(a)). It is also noticed that toroidal stirring specimens have a higher 
gauge factor than those manufactured by three roll mill process (Figure 4(b)). This is due to 
the homogenization effect that toroidal stirring have on CNT dispersion. It is explained 
because calendering process has a bidimensional effect on CNT dispersion while toroidal 
stirring have a tridimensional effect. 

 

 
Figure 4: Electromechanical curves for (a) calendering process (one, three and seven steps at 0.05 wt. % CNTs) 

and (b) for both calendering and toroidal stirring processes (one step at 0.1 wt. % CNTs) 
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On the other hand Figure 5 shows an example of electromechanical curves for different 
CNT contents at the same process conditions. It is observed that higher gauge factors are 
obtained in the case of lower content specimens. It is due to a higher tunneling distance 
between carbon nanotubes on lower content dispersions which leads to a more prevalent 
tunneling effect. However, great differences were not observed as gauge factor is very 
sensitive to process conditions. 

 

 
Figure 5: Electromechanical curves for nanocomposites at 0.1 and 0.3 wt. % CNTs for calendering process (first 

step). 

4 CONCLUSIONS 

Electrical and sensing capabilities of CNT based nanocomposites have been measured and 
analyzed. 

It is observed that, from electrical conductivity values and applying a novel analytical 
model based on an equivalent percolation threshold, three roll mill process has a stretching 
and disaggregating effect on CNT dispersions. This effect, combined with the breakage of 
carbon nanotubes due to shearing forces, leads to a sudden increase on electrical conductivity 
at first steps and a steady value of electrical properties at last ones. 

Tensile tests have been conducted and electrical response of nanocomposites was 
measured. It is noticed that gauge factor increases with calendering steps and the combination 
of three roll mill with toroidal stirring leads to better sensitivities. On the other hand, lower 
contents lead to a higher value of gauge factor, although this variation is not really 
pronounced.  
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