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ABSTRACT. Polymeric matrix nanocomposites provide great opportunities to overcome macroscopic properties of polymers. The shape factor of nanofillers is a key parameter, so carbon nanotubes (CNTs) have attracted much interest. To avoid aggregation, mechanical stirring has been used. In those conditions, the percolation threshold of conductivity is reached at 0.15 wt % for CNTs. To improve the shape factor, amphiphilic molecules have been successfully used: in this case, the percolation threshold is at 0.04 wt % for CNTs. After the percolation threshold, such nanocomposites allow the elimination of electric charges, while keeping the same mechanical properties than the polymeric matrix. RÉSUMÉ. Les nanocomposites à matrice polymère offrent de nouvelles opportunités pour améliorer les propriétés macroscopiques des polymères. Le facteur de forme des nanocharges est un paramètre clé, ce qui constitue le grand intérêt des nanotubes de carbone (NTC). Afin d'éviter les phénomènes d'agrégation un mélange mécanique a été utilisé. Dans ces conditions, le seuil de percolation électrique est de 0.15% en masse. Pour augmenter le facteur de forme, des molécules amphiphiles ont été utilisées : dans ce cas le seuil de percolation est de 0.04% en masse. Au dessus du seuil de percolation, ces nanocomposites permettent l'écoulement des charges électrostatiques tout en conservant les propriétés mécaniques de la matrice.

Introduction

The dispersion of nanoparticles in a polymeric matrix is one of the ways to solve the electrostatic charges accumulation in insulating polymers [START_REF] Curran | A composite from poly(mphenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) and carbon nanotubes: A novel material for molecular optoelectronics[END_REF][START_REF] Sandler | Development of a dispersion process for carbon nanotubes in a epoxy matrix and the resulting electrical properties[END_REF][START_REF] Wan | Synthesis, characterizations, and physical properties of carbon nanotubes coated by conducting polypyrrole[END_REF][START_REF] Kilbride | Experimental observation of scaling laws for alternating current and direct current conductivity in polymer-carbon nanotube composite thin film[END_REF][START_REF] Benoit | Transport properties of PMMA-carbon nanotubes composites[END_REF][START_REF] Barrau | Effect of palmitic acid on the electrical conductivity on carbon nanotubes-polyepoxy composite[END_REF]. Carbon nanotubes (CNTs) as a conductive filler will be considered to improve the electrical properties of insulating thermoset matrix. The experimental procedure was set up in order to prepare composites containing low weight content of nanofillers. Scanning electron microscopy studies were carried out in order to check the homogeneity of the dispersion.

As most polymers, epoxy resins are electrical insulators. Charges accumulation can be responsible for damages of composites. The preparation of composites with conductive fillers implies a high amount of fillers into the matrix. The use of carbon nanotubes (CNTs) as a conductive filler offers an attractive way to improve the electrical properties of polymers. In order to obtain CNTs dispersion, we added an amphiphilic molecule, palmitic acid. The hydrophobic part is adsorbed onto the nanotubes surface while the hydrophilic polar head induces electrostatic repulsions between nanotubes then preventing their aggregation.

Materials and methods

CNTs were synthesized by a catalytic chemical vapour deposition CCVD [START_REF] Flahaut | Synthesis of single walled carbon nanotube-Co-MgO composite powders and extraction of a nanotube[END_REF]. More than 85 % of CNTs were single-walled and doublewalled and 90 % had diameter d 3 nm. After extraction in HCl, CNTs were washed with distilled water and then kept in water to avoid their packing. CNTs-epoxy resin composites were prepared by dispersing weight amount of CNTs ranging from 0.04 to 0.8 wt % assisted by palmitic acid, with CNTs to palmitic acid weight ratio of unity [START_REF] Barrau | Effect of palmitic acid on the electrical conductivity on carbon nanotubes-polyepoxy composite[END_REF]. Functionalized CNTs-epoxy resin composites were elaborated by acid attack of CNT. CNTs were functionalized in nitric acid HNO 3 68% and HNO 3 16% at 120°C. Standard differential scanning calorimetry (DSC) measurements were performed using a DSC/TMDSC 2920 setup manufactured by TA Instruments. The sample temperature was calibrated using the onset of melting of tin (T m = 231.8 r 0.1 °C), indium (T m = 156.6 r 0.1 °C) and cyclohexane (T m = 6°C) with a heating rate of q h = 5°C.min -1 . The heat flow was calibrated with the heat of fusion of indium ('H = 28.5 r 0.1 J.g -1 ); its baseline was corrected using sapphire. DSC experiments were systematically carried out over a temperature range from the equilibrium state (in order to remove the effect of previous thermal history) T eq = T g + 30°C down to the glassy state T 0 = T g -50°C, and immediately followed by an heating rate q h = 5°C.min -1 . For each sample, the glass transition temperature but also the melting temperatures were measured. The dynamical mechanical analysis DMA was performed using an ARES strain controlled rheometer in the torsion rectangular mode. The maximum strain amplitude used (0.01%) was well within the linear viscoelasticity range. Dynamic storage modulus G' and tan G were recorded for temperatures ranging from -150 to 170°C at 3°C/min at the frequency of 1 Hz. AC conductivity measurements were carried out at room temperature using a Solartron -Schlumberger frequency response analyser with a Novocontrol interface in the frequency range from 10 -2 to 10 6 Hz. The real part V'(Z), of the complex conductivity V*(Z) was investigated. The DC conductivity V dc was taken as the value of the real part V'(Z) of the complex conductivity in the region of the low frequency plateau, i.e. circa 10 -2 Hz.

Results and discussion

Influence of CNTs on thermal properties of nanocomposites

Figure 1 shows the CNT content dependence of the glass transition temperature T g of the CNTs-epoxy resin composites. First, T g increases slightly at very low CNTs contents, but undergoes a weak depression ('T g = 5°C) at 0.07 wt.-%, i.e., very close to the electrical percolation threshold pc. Above p c , T g increases again by 4°C up to 0.1 wt.-% and then decreases very slowly with increasing CNTs content. This unexpected behaviour has been observed also in DMA for the temperature of the maximum of the tan G peaks (T D ) and the mechanical storage modulus G' undergo a minimum at the percolation threshold.

As expected to reinforce epoxy matrix by addition of CNTs filler, the vitreous mechanical modulus of nanocomposites is higher than the pure epoxy one, excepted for the CNTs content close to the percolation threshold. 

Influence of CNTs with amphiphilic molecules on electrical properties of nanocomposites

When the dispersion of CNTs is assisted by amphiphilic molecules to decrease the percolation threshold, a T g depression is still observed at the new threshold [START_REF] Barrau | Effect of palmitic acid on the electrical conductivity on carbon nanotubes-polyepoxy composite[END_REF]. The origin of this depression is not the CNTs dispersion state in epoxy matrix. A weak decrease of molecular mobility of the epoxy matrix chain segments is observed in CNTs-resin epoxy composites excepted for the vicinity of the electrical percolation where the free volume accessible to the molecular motions of polymer chains is maximal. This behaviour has been observed too in polypyrroleepoxy resin composites [START_REF] Cassignol | Microstructure-conductivity relationship in conducting polypyrrole/epoxy composites[END_REF][START_REF] Barrau | Glass transition temperature depression at the percolation threshold in carbon nanotube-epoxy resin and polypyrroleepoxy resin composite[END_REF]. As shown in Figure 2, V DC displays a sharp increase by 8 decades between 0.05 and 0.1 wt %. This behaviour is the signature of a percolation threshold occurring at a very low mass fraction of CNT (0.04 %). Such low value is explained by the very high aspect ratio of CNTs and their good dispersion in epoxy matrix assisted by palmitic acid. The comparison with nanocomposites without palmitic acid shows clearly the improvement of CNTs dispersion by lowering the percolation threshold by a factor 4 in presence of palmitic acid. These results are consistent with SEM images (Figure 3a) which show that such nanocomposites contains a great number of individuals nanotubes while without palmitic acid, only CNTs bundles with diameter about 30-40 nm are observed (Figure 3b). As observed in CNTs -polymer composites [START_REF] Kilbride | Experimental observation of scaling laws for alternating current and direct current conductivity in polymer-carbon nanotube composite thin film[END_REF], the higher DC conductivity values appear lower than the intrinsic value for nanotubes in compressed pellets (50 S.cm -1 ) [START_REF] Benoit | Transport properties of PMMA-carbon nanotubes composites[END_REF] because a wrapping of nanotubes by epoxy matrix and preventing a direct electrical contact. However, a value of about 10 -4 S.cm -1 at 0.4 wt % is acceptable for insuring antistatic properties. 

Influence of chemical functionalization of CNTs on electrical properties of nanocomposites

Figure 4 shows the influence of heating time and nitric acid solution concentration on electrical conductivity (AC) from 10 -2 Hz to 10 6 Hz. The composites were elaborated with 0.4 wt% of CNTs. The curve obtained without oxidization was represented. The value of ı'(Ȧ) at 10 -2 Hz was taken as dc conductivity (ı dc ). All the values obtained with HNO 3 at 68% shows a low electrical conductivity level around 10 -12 S.cm -1 . The oxidization with high concentration HNO 3 dropped the electrical conductivity of final nanocomposite. With low a b concentration HNO 3 solution a slight decreasing of conductivity is obtained. A decrease of electrical conductivity with oxidization is observed for all nanocomposites. The percolated network was highly disturbed by the functionalization and led to degradation of intrinsic properties of CNTs. 3), oxidized 1h in HNO 3 68% ( ), at 3h () and with HNO 3 16% during 1h (@), 3h () and 9h (&).

Influence of functionalized CNTs and amphiphilic molecules on mechanical properties of nanocomposites

Dynamic mechanical analysis permits to study the influence of CNTs on mechanic properties of nanocomposites. Samples were obtained by mechanically stirring with low concentration of CNTs (< 1 wt%). The mechanical experiments on the nanocomposites and the pristine polymer do not show variation of the vitreous modulus G'. Due to epoxy resin degradation near 160°C we cannot observe the influence of the CNTs on the rubber plateau.

Figure 5 shows the influence of palmitic acid on nanocomposites mechanical properties. The D relaxation mode associated with the viscolelastic relaxation decreases up to 6°C when the dispersion of CNTs is assisted by palmitic acid. This amphiphilic molecule has probably the same effect as a plasticizer on primary relaxation mode. The effect of chemical functionalization on mechanic properties of CNTs-epoxy resin nanocomposites was studied and reported on Figure 6. G' (T) was measured for 0.4 wt% of CNTs. CNTs were previously oxidized during 3h at 16% of HNO 3 . In the case of the dynamic stored modulus G', we do not observed the modification of mechanical properties by functionalization of CNTs.

Conclusion

The introduction of nano fillers in polymeric materials sounds a promising way to improve their macroscopic properties. Due to their very high aspect ratio, a specific interest has been devoted to CNTs. The presence of CNTs in a polymeric matrix induces only mild modifications of the physical structure of the disordered phase in the region of the glass transition. Contrarily, the evolution of electrical properties is spectacular since the electrical conductivity increases by 8 decades upon the introduction of only 0.15 wt % CNTs. By improving dispersion using amphiphilic molecules, the percolation threshold is decreased till 0.04 wt % CNTs. Since mechanical properties are not modified for such low loading, the introduction of CNTs in polymeric materials sounds an interesting route for eliminating static electric charges.

Figure 1 .

 1 Figure 1. Variation of DSC T g () and DMA T D (i) of the CNTs-epoxy resin composites with CNT weight content. Solid lines are guides for the eyes.
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 2 Figure 2. DC conductivity of CNTs-epoxy resin nanocomposites at room temperature as a function of the CNTs weight content: ({) without palmitic acid and () with palmitic acid. Dashed lines are guides for the eyes.
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 3 Figure 3. Scanning Electron Microscopy images of CNTs-epoxy resin nanocomposites for 0.8 wt % CNTs: (a) with palmitic acid and (b) without palmitic acid.
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 4 Figure 4. AC conductivity at room temperature of CNTs-epoxy resin nanocomposites as function of HNO 3 attack time for 0.4 wt% CNTs: without functionalization (3), oxidized 1h in HNO 3 68% ( ), at 3h () and with HNO 3 16% during 1h (@), 3h () and 9h (&).
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 5 Figure 5. Dynamic stored modulus G' of nanocomposites CNTs -palmitic acidepoxy resin for 0.02 ( ), 0.06 () and 0.8 () wt% CNTs
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 6 Figure 6. Dynamic stored modulus G' of nanocomposites with 0,4 wt % of CNTs: without functionalization ( ) or oxidized with HNO 3 16% during 3h ().
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