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Introduction

Carbon nanotubes (CNTs) are promising fillers for composite materials to improve mechanical behavior and electrical and thermal transport [START_REF] Tans | Room-Temperature Transistor Based On A Single Carbon Nanotube[END_REF]. Across many different applications, CNTs/polymer composites have been extensively studied [START_REF] Xie | Dispersion and alignment of carbon nanotubes in polymer matrix: A review[END_REF][START_REF] Qian | Load transfer and deformation mechanisms in carbon nanotube-polystyrene composites[END_REF][START_REF] Wei | Thermal expansion and diffusion coefficients of carbon nanotube-polymer composites[END_REF]. The key problem for CNTs/polymer composite elaboration is the dispersion, compatibilization, and stabilization of the CNTs in the polymer matrix.

In this regard a number of excellent reviews have been published on the functionalization of CNTs [START_REF] Tasis | Chemistry of carbon nanotubes[END_REF][START_REF] Sun | Functionalized carbon nanotubes: Properties and applications[END_REF][START_REF] Hirsch | Functionalization of single-walled carbon nanotubes[END_REF] covering covalent attachment of functional moieties through reaction onto CNTs and noncovalent adsorption or wrapping of various functional molecules. Double-walled carbon nanotubes (DWNTs) [START_REF] Saito | Anomalous potential barrier of double-wall carbon nanotube[END_REF] are considered as the simplest member of the family of multiwalled carbon nanotubes (MWNTs), consisting of two coaxial single-walled carbon nanotubes (SWNTs). It is expected to have unique physical and mechanical properties due to its special double wall structure if compared to that of SWCNTs and MWCNTs [START_REF] Dai | Carbon nanotubes: Synthesis, integration, and properties[END_REF][START_REF] Liu | Electrical transport in doped multiwalled carbon nanotubes[END_REF].

Nanotube-epoxy composites have been widely studied [START_REF] Ajayan | Aligned carbon nanotube arrays formed by cutting a polymer resin-nanotube composite[END_REF][START_REF] Kao | A Raman spectroscopic investigation of heating effects and the deformation behaviour of epoxy/SWNT composites[END_REF][START_REF] Frogley | Polarized resonance Raman spectroscopy of singlewall carbon nanotubes within a polymer under strain[END_REF][START_REF] Puglia | Analysis of the cure reaction of carbon nanotubes/epoxy resin composites through thermal analysis and Raman spectroscopy[END_REF][START_REF] Gojny | Functionalisation effect on the thermo-mechanical behaviour of multi-wall carbon nanotube/epoxy-compo sites[END_REF][START_REF] Wagner | Stress-induced fragmentation of multiwall carbon nanotubes in a polymer matrix[END_REF][START_REF] Cooper | Investigation into the deformation of carbon nanotubes and their composites through the use of Raman spectroscopy[END_REF][START_REF] Nuriel | Measuring fiber-matrix interfacial adhesion by means of a 'drag-out' micromechanical test[END_REF]. Thus, the functionalization of DWNTs represents an open issue for the preparation and manipulation of DWNT based nanocomposites with multifunctional properties. Even if some attempts have been done to functionalize them [START_REF] Datsyuk | Double walled carbon nanotube/polymer composites via in-situ nitroxide mediated polymerisation of amphiphilic block copolymers[END_REF][START_REF] Ayala | Tailoring N-Doped Single and Double Wall Carbon Nanotubes from a Nondiluted Carbon/Nitrogen Feedstock[END_REF] no data exist at our knowledge on how their dispersion affects the rheological properties of DWNT based polymer nanocomposites.

In the present work, we used grafted-N-Methyldiethanolamine on carboxy-functionalized DWNTs to investigate the chemorheology of the amino-functionalized DWNTs during the cure reaction of an epoxy system. A chemorheological model has been also developed for this new type of nanocomposite. The MDEA and MDEA/C-DWNTs systems were studied with the H-NMR technique. 1 H-NMR analysis was performed by using CDCl 3 as solvent and tetramethylsilane as internal reference. A Bruker FT-NMR Avance400 400MHz spectrometer equipped with a BVT3200 controller of temperature and a BBI 5 mm probe for liquid was used. 1 H spectra were recorded by using the following parameters: acquisition time 1s, receiver gain 263, dwell time 124,8 µs, pre-scan delay 6 µs, relaxation delay 1s, frequency of observe channel 400,13 MHz, power level for pulse -3 dB, 90° high power pulse 5.80 µs and a number of scan of 32.

Experimental Details

Isothermal and dynamic tests were performed by means of a differential scanning calorimeter (DSC) Mettler Toledo 822e/400 coupled with an intercooler. The procedure adopted was the following: isothermal tests at six different temperatures (145°C, 150°C, 155°C, 160°C, 165°C and 170°C) for 2 hours, followed by a dynamic post-cure from 0°C to 300°C at 10°C/min to determine the residual reactivity of the polymer matrix. Dynamic tests from -50°C to 350°C at three different heating rates (2°C/min., 5°C/min. and 10°C/min.) were performed as well to calculate the maximum networking enthalpy of the reacting systems.

The rheological tests were performed with a Rheometric Scientific Ares rheometer with parallel plates (∅ 25mm); all tests were done in the same isothermal and dynamic conditions of the calorimetric experiments with a frequency of 1Hz and a strain of 1.5%. In these tests the evolution of the viscosity during the curing reaction both in isothermal and dynamic conditions is monitored. It is well known that during the cure of a thermosetting matrix the viscosity increases from a very low value (liquid like) up to an infinite point (gelation) [START_REF] Janezic | Implicit Runge-Kutta Method for Molecular Dynamics Integration[END_REF].

Such increase, being of many order of magnitude, cannot be monitored using the same precision over the whole field. Therefore in order to be able to accurately evaluate the gelation point of the resin, an high viscosity transducer must be used during the tests, this produces an increase of the scattering of the data in the low viscosity region.

Both calorimetric and rheological data were analysed by using kinetic and chemorheological mathematical models [START_REF] Janezic | Implicit Runge-Kutta Method for Molecular Dynamics Integration[END_REF], with the aim to develop a software tool able to predict the behaviour of the analyzed systems.

Results and Discussion

The H-NMR analysis was used in order to get more detailed information on the emergence of specific interactions between the MDEA and C-DWNTs (Fig. 1). If we compare the spectra of the MDEA system with that of MDEA/C-DWNTs one, it is clear how the presence of C-DWNTs causes the enlargement of the peaks with a consequent fine-structure loss. In particular the NH 2 signal shift from 3.4 ppm for pure MDEA to 3.2 ppm for MDEA with C-DWNTs suggests that the DWNT carboxylic groups react with the MDEA ammine groups leading to the formation of the -NHCO groups.

The SEM images of the composite fracture surfaces are reported in Fig. 2. With respect to the sample obtained by mixing the tubes with the DGEBA (Fig. 2 A displacement of the gel point at lower time and temperature is due to the fact that the functionalized nanotubes interacts with the epoxy matrix via the amino groups immobilized on the tube sidewall, reducing the mobility of chains of the epoxy molecules [START_REF] Valentini | Use of Plasma Fluorinated Single-walled Carbon Nanotubes for the Preparation of Nanocomposites with Epoxy Matrix[END_REF].

The analysis of the calorimetric and rheological data has been performed by means of a chemorheological model, which relates the evolution of the viscosity to both the degree of reaction and the temperature conditions. In particular, a kinetic model is required to predict the rate of reaction and the degree of cure as a function of time and temperature.

6 By using isothermal and dynamic calorimetric tests, it is possible to monitor the evolution of the degree of cure [START_REF] Halley | Chemorheology of thermosets-an overview[END_REF]:
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Where α is the degree of cure, t the time, K(T) is a function of temperature and f(α) is a function of the degree of cure.

The function selected for the analysis in the present work is given by the combination of two auto-catalytic peaks [START_REF] Torre | Cure kinetics of epoxy anhydride nanocomposite systems added with reactive flame retardants[END_REF]. Therefore, Eq. ( 1) can be rewritten as follows:
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Where α max is the maximum degree of cure, K 1 and K 2 are Arrhenius-like functions of the temperature and m 1 , m 2 , n 1 , n 2 are specific parameters.

The final conversion degree reached by the system was found to be a sigmoid function of the cure temperature [START_REF] Lelli | Modelling of the chemo-rheological behaviour of thermosetting polymer nanocomposites[END_REF]:
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where T 0.5 is the absolute temperature (K) that allows the achievement of the half of the maximum networking degree and β is a temperature-independent parameter that influences the slope of the sigmoid function.

The evolution of the degree of cure can be calculated by solving the Eqs. ( 1) and ( 2). As a classical integration is not possible, a specific algorithm based on the fourth-order Runge Kutta method was implemented for the numerical integration.

The model shows a very good fitting in both isothermal and dynamic conditions for all the materials tested. The comparisons among experimental data and model predictions in specific isothermal and dynamic conditions are reported in Figs. 5(a) and 5(b).

In Fig 5(a) it is important to note that at 160°C the pure DGEBA/MDEA system reaches a maximum degree of cure of approximately 0.65 and about 66 min. are necessary to get α=0.5.

At the same temperature conditions, the nanocomposite obtained with MDEA modified C-DWNTs reaches a maximum degree of cure of 0.99 and the time necessary to reach the degree of reaction of 0.5 is about 20 min. Moreover, it is possible to observe that a temperature of 210°C is necessary to make the neat system reach an α max similar to that of the filled system. The kinetic parameters are reported in Tab. 3.

The following equation relates the T g of the system to the degree of cure [START_REF] Havlicek | Theoretical modelling of the rheological behaviour of an epoxy-amine system during curing[END_REF]:
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Where T g0 and T g∞ are the glass transitions temperatures for the monomer and the fully cured system and q is a fitting parameter.

Finally, the following equation correlates the viscosity to the degree of cure [START_REF] Castro | Studies of mould filling and curing in the reaction injection moulding process[END_REF][START_REF] Opalicki | Chemorheology and curing kinetics of toughened epoxy matrices for high performance composites[END_REF][START_REF] Mijovic | Modelling of chemorheology thermoset cure by modified WLF equation[END_REF][START_REF] Ivankovic | Curing kinetics and chemorheology of epoxy anhydride systems[END_REF]:
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where α g is the extent of reaction at the gel point, T g (α) is a function describing the dependence of the T g on the networking degree and n rheo is a constant to be determined by regression analysis of the experimental data. 

  Carboxy-functionalized double-walled carbon nanotubes (C-DWNTs) were purchased from Nanocyl (purity ≈ 90 vol%, carboxylic group concentration 1.24 at.%; data supplied by Nanocyl). The polymeric matrix of the nanocomposite under investigation was obtained from a diglycidyl ether of bisphenol A-based (DGEBA) epoxy resin (D.E.R.330 provided by Dow) and a solid N-Methyldiethanolamine (MDEA, provided by Sigma-Aldrich). The C-DWNTs were stirred in the MDEA at the melting temperature of the amine (i. e. 100°C for 45 min.). The C-DWNTs grafted with MDEA, MDEA/C-DWNTs, were added to obtain a percentage of 1wt% respect to the DGEBA monomer maintaining a stoichiometric molar ratio (1:2.33) with MDEA. An alternative preparation method consisting of firstly mixing the C-DWNTs with DGEBA and then by adding the MDEA moiety, was investigated. The morphology of the sample fracture surfaces was investigated by field emission scanning electron microscopy (FESEM).

  (a)), one can observe that the dispersion of the C-DWNTs is very good (Figs. 2(b) and 2(c)) with the bundle-like structure observed in the inset of Fig. 2(a) that is completely lost giving to the sample a very good homogeneity on the entire surface. This result, together with the H-NMR analysis reported above, confirms that the presence of a MDEA fraction distributed over C-DWNTs sidewalls is responsible for the obtained good dispersion and the homogeneity of the sample.The results of the calorimetric test in isothermal and dynamic conditions are reported in Figs.

  3(a) and 3(b), respectively. These results show an important catalytic effect of the C-DWNTs on the cure reaction of the DGEBA/MDEA system with a shift of the cure reaction peak toward lower time (in isothermal tests) and lower temperature (in dynamic test). Moreover, it is also possible to note that the cure rate (Fig. 3(b)) for the system obtained with MDEA modified C-DWNT is higher than the conversion speed of the neat epoxy system. The rheological measurements (Figs. 4(a) and 4(b)) confirm what observed in the calorimetric tests. Also in this case, the onset of the cure reaction for the filled system is shifted to lower time and temperatures, respectively. The results obtained from calorimetric and rheological tests are summarized in Tabs. 1 and 2.

  The comparisons among experimental data and chemoreological model (numerically integrated according to the 4 th -order Runge-Kutta method[START_REF] Janezic | Implicit Runge-Kutta Method for Molecular Dynamics Integration[END_REF]) for the DGEBA/MDEA and DGEBA/MDEA/C-DWNTs systems are reported in Figs.6(a) and 6(b), respectively. The parameters of the model are reported in Tab. 3. From these figures it is evident the accordance between the experimental and the model. Moreover, the higher reaction enthalpy together with the T 0.5 and β parameters (Tab. 3) obtained for the nanocomposite make the sigmoid function (Eq. 3) more steeper than that calculated for the DGEBA/MDEA neat system. This could lead to the conclusion that the C-DWNTs play a catalytic role in the networking process. On the other hand, all the remaining kinetic parameters (Tab. 3) are lower in the case of the nanocomposite (i.e. the reaction goes more slowly), probably due to some kind of obstacle played by the tubes against the mobility of polymer chains.

  we reported how N-Methyldiethanolamine modified carboxy-DWNTs are used to obtain a cross-linked epoxy nanocomposite. Calorimetric and rheological tests reveal how the presence of MDEA modified C-DWNTs has a strong influence on the maximum degree of cure and on the gel time of the epoxy system. The use of kinetic and chemoreological models show an excellent agreement with the experimental data being the catalytic effect of the tubes observed also in the variation of specific parameters of these models. Following these indications we retain that the presented synthesis strategy could have implications toward building some novel architectures with nanotubes and polymers. Aknowledgments The authors thank Dr. Federica Meloni for the SEM analysis, Dr. Michele Marini and Prof. Francesco Pilati (Materials and Environmental Engineering Department, University of Modena and Reggio Emilia) for the H-NMR analysis.
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 1 Fig. 1. H-NMR spectra of MDEA and MDEA/C-DWNTs systems.

Fig. 2 .Fig. 3 .Fig. 4 .Fig. 5 .Fig. 6 .

 23456 Fig. 2. (a) FESEM image of the DGEBA/MDEA nanocomposite obtained with nanotubes

  dynamic rheological tests of DGEBA/MDEA and DGEBA/MDEA/C-DWNTs systems. Tab. 3. Characteristic kinetic and rheological parameters for DGEBA/MDEA and DGEBA/MDEA/C-DWNTs systems.
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 Captions Tab. 1. Time of maximum reaction rate and maximum reaction peak temperature for isothermal and dynamic tests of DGEBA/MDEA and DGEBA/MDEA/C-DWNTs systems. Tab. 2. Time onsets for isothermal rheological tests and onset and gel temperatures for