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Abstract
Elastomeric composites have achieved a unique position among innovative materials because of their extensive and potential applications. Recently, considerable interest has been devoted to graphite-derived elastomeric composites, due to their exceptional electrical, mechanical and gas-barrier properties. Among graphite derived materials, single and few-layer graphenes have been paid the most attention due to their outstanding physico-mechanical properties. Herein, we present various types of graphene-based elastomeric composite systems produced employing two different fabrication techniques, namely swelling/infusion and solution blending.  The quality and the dispersion of graphene have been investigated by using Raman spectroscopy. Furthermore, the mechanical and the electrical properties of the composites were also investigated. The dispersion of graphene has been found to be strongly dependent on the adopted fabrication method: in particular, the swelling/infusion of vulcanized rubber has been found to lead to highly heterogeneous systems. Conversely, the dispersion obtained via solution blending leads to more homogeneous composites with substantially improved mechanical and electrical properties. 
1.
Introduction
Elastomeric composites have established a remarkable position among advanced materials because of their extensive and potential applications[1]. Generally, reinforcing with different fillers is of primary importance for elastomers, because - due to their poor mechanical properties - unfilled rubbers have very limited applications. Therefore, micro- and nano-fillers (such as carbon black, silicon dioxide, layered silicates and carbon nanotubes) have been incorporated into elastomers to improve not only the mechanical and anti-abrasion properties, but also the electrical conductivity and the gas permeability [2]. A new elastomeric nanocomposite that exhibits high electrical conductivity and wear resistance, low gas permeability, low heat build-up, good thermal stability, as well as, high mechanical properties, would be attractive for many applications, such as, green tires and electronic skin. Recently, considerable interest has been devoted to graphite derived elastomeric composites, known as new generation materials, due to their exceptional electrical, mechanical and permeability properties[3]. Among graphite derived materials such as, natural graphite flakes, expanded graphite (EG), graphene nanoplatelets (GNP), graphene oxide (GO), single and few-layer graphenes have been paid the most attention due to their outstanding physico-mechanical properties. Due to its excellent properties such as Young’s modulus, tensile strength, electrical conductivity, gas permeability, and thermal conductivity, graphene  represents undoubtedly a promising nano-filler for multifunctional composites. Several methods have been reported in the literature for the preparation of graphene/elastomer nanocomposites (melt mixing, solution blending, solution/latex blending, in situ polimerization) and the properties of the nanocomposites have been found to be strongly dependent upon the dispersion of the filler and the matrix-filler and filler-filler interactions. Each method can attribute different characteristics to the resultant nanocomposite, due to the different states of dispersion of the inorganic filler. Sometimes, a combination of processing techniques is applied, since the preparation of elastomeric nanocomposites is not a single-step process[3]. 

In this study, we report on the fabrication and the characterization of different types of graphene/elastomer nanocomposites produced by employing two different techniques. The first adopted method is an innovative procedure that is based on the preliminary swelling of commercial vulcanized rubber pads (Ethylene-Propylene Diene Monomer - EPDM, Styrene Butadiene Rubber - SBR, Acrylonitrile Butadiene Rubber - NBR, Fluoroelastomers and elastomeric foams), followed by the infusion of the swollen rubber in a dispersion of graphene in NMP/water solution. A second, more conventional procedure is related to solution blending method which has been used to fill thermoplastic polyurethanes with graphene. It involves the dispersion of graphene in a solvent with the aid of or tip sonication, followed by the addition of a solution of each type of polyurethanes in graphene dispersions and the subsequent solvent evaporation (solution-casting method) to produce nanocomposite films. The quality and the dispersion of graphene after composite fabrication have been assessed by Raman spectroscopy and mechanical and electrical properties of the prepared composites were also investigated.
2.
Experimental Section
2.1. Materials and methods
Materials. Commercial vulcanized rubber pads (EPDM, SBR, NBR) gently supplied by Trelleborg Industri AB (Trelleborg Sweden) and Ethylene Vinyl Acetate (EVA) craft foam (Goomby, Plaisio, Greece), were adopted in the swelling infusion process. Polyester and polyether based thermoplastic polyurethanes (Elastollan, grades 890AN and 1174D respectively) were gently supplied by BASF SE (Ludwigshafen, Germany) and were adopted for solution blending method. Two types of GNPs were adopted: few layer graphene platelet powder (Elicarb® Graphene powder materials grade; typical lateral size ca. 0.5-2 μm) that was kindly supplied by Thomas Swan (Consett, UK), and GNPs with average thickness of 6-8 nm and typical lateral size ca. 25 μm, gently supplied by Strem Chemicals Inc. (Cambridge, UK). 
Swelling/infusion method. Initially, strips of each vulcanized rubber and EVA foam were weighted and immersed in toluene using bath sonication for 3.5 hours. This treatment was necessary in order to swell the elastomeric matrices so as to open the pores and allow the diffusion of the graphene flakes. GNPs of different lateral sizes were dispersed in 100 mL NMP at high concentration (0.5 mg/mL) using tip and bath sonication simultaneously for 30 minutes followed by bath-sonication for an additional 3.5 hours. The swollen bands were then transferred to the dispersion of graphene in NMP/water (20:80), with final graphene concentration of 1 mg/mL. The presence of the water is essential to promote energetically the diffusion of GNPs from the dispersion into the pores of the elastomers. The strips were soaked in the NMP:water:graphene dispersion for times ranging from 48 h to 7 days. Afterwards, the bands were washed by sonicating in water for 45 minutes to remove the weakly-attached surface coating of graphene flakes and then dried under vacuum at 60 oC for 72 h. After drying, the mass uptake of graphene was measured comparing the weights of the dry samples before and after the soaking. 

Solution blending method. This method was adopted to fill with GNP polyester and polyether based thermoplastic polyurethanes (TPU). The first step was to dissolve 2.000 g of each polymer in DMF. Then graphene with lateral size of 25 μm was dispersed in 5mL of DMF with the aid of bath sonication for 2 hours. The amounts of graphene were calculated in order to obtain composites with 0.1 and 1 % wt. which corresponds to 0.0020 g and 0.0200 g respectively. The same procedure was followed using THF as a solvent and dispersing agent of graphene. Then the graphene dispersion and the polymer solution were mixed and bath sonication was continued for other 5 minutes. The mixture was then poured into a Petri dish where the solvent was left to evaporate at 60 oC for 24 h in the case of DMF and at room temperature when THF was used. The obtained composite membranes in DMF and THF were then dried under vacuum, at 70 oC and 40 oC respectively, for 1 day. For comparison, membranes of the neat polymers were fabricated in the same method without the addition of graphene.

Characterization. The quality and the dispersion of GNPs have been evaluated by using Raman spectroscopy. All the Raman spectra were acquired with the Micro-Raman spectrograph (InVia Reflex, Renishaw, UK) at 514 nm (1.58eV); the laser power was kept at 1.2 mW on the sample to avoid laser-induced local heating. A 100x objective with numerical aperture of 0.95 was used, and the spot size was estimated 0.8 μm2. The polarization of the incident light was kept parallel to the applied strain axis. All Raman spectra were fitted with Lorentzians. Mechanical testing of the produced materials was performed by tensile experiments in an MTS R58 Mini Bionix machine with a strain rate of 100% s-1. The produced materials were cut in strips of dimensions ~45 x 4 mm. For each material type, 4 rectangular samples were tested to extract stress-strain curves. The bulk electrical conductivity of the samples was measured via Broadband Dielectric Spectroscopy (BDS) in the frequency range of 0.1 Hz to 1 MHz using Alpha-N Frequency Response Analyser, supplied by Novocontrol Technologies (Hundsagen, Germany). The BDS-1200 parallel-plate capacitor with two gold plated electrodes, also supplied by Novocontrol, was used as test cell. The cell was electrically shielded and the applied ac voltage was Vrms = 1.0 V. For the determination of the specific electrical conductivity of the graphene layer, measurements were performed using the well-established van der Pauw method[4]. For the measurements, the Oltronix B603D power supply was used, while the Keithley 177 and Keithley 197A were used as Voltometer and Ammeter respectively.

2.2. 
Results and Discussion
Typical samples obtained via swelling/infusion process are shown in Fig.1a. This method process led to partial infusion of the adopted matrices and the accumulation of GNPs at the external surfaces of the matrices originated a sort of coating, the thickness of which was found to be 5-10 μm for commercial elastomers and 150-200 μm for EVA foam (Fig.1b). Despite the fact that the samples had been soaked at different –short and long - times, GNPs were found not to completely penetrate the bulk matrices possibly due to their highly dense micro-structure. 

Conversely, the GNP-filled TPUs obtained through solution blending process were characterized by very good graphene dispersion with graphene loadings of 0.1 and 1 wt%, as highlighted in Fig.1c.
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Figure 1. Graphene/elastomer systems obtained via swelling/infusion and solution blending: (a) pictures and (b) schematic of elastomers infused with graphene and (c) picture of GNP-filled TPUs. Typical Raman spectrum of GNP dispersed in the elastomer composites (d)
Raman spectroscopy was adopted to assess the quality and the dispersion of GNPs. A typical Raman spectrum acquired from graphene-infused elastomer is shown in Fig. 1d, highlighting the distinctive spectral features of few-layer graphenes [5].
In Figures 2 and 3 the stress-strain curves from tensile experiments of all the produced elastomers are shown. The materials produced via swelling-infusion process do not show any improvement of mechanical properties when coated with graphene (Fig.3a-d). However, some changes of the mechanical properties of the matrices were induced by the swelling treatment, likely due to the removal of the additives (e.g. oils, waxes) which are commonly adopted during the vulcanization of such rubbers. 
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Figure 2. Stress-strain curves for the GNP-infused elastomers: EPDM (a), NBR (b), SBR (c), EVA foam (d).
In contrast, the GNP-filled TPUs show a significant improvement as it can be seen in Figure 3, even at very small volume fractions (0.1% wt.), especially for the polyether-based grade 11740 (Fig. 3b). All TPU samples show elastic behavior up to a ~15% strain. The presence of graphene, even at small amounts, affects the polymer properties. More specifically in Figure 3c it is observed that Young modulus is increased from 42 MPa for neat polymer to 49 and 62 MPa (47% increase) by the addition of 0.1% and 1% graphene, respectively. Ultimate stress is increased about 25% for both nanocomposites. It is very interesting that the addition of 1% graphene compared to 0.1% does not enhance significantly the tensile strength, likely due to agglomeration of graphene flakes at large quantities. Figure 3a shows the tensile behavior of polyester based TPU (890A10) in DMF for graphene content 0.1% wt. In this case, the addition of graphene improved the Young Modulus of the polymer but the tensile strength was not improved as in the case of THF. This may happen due to the ineffective dispersion of graphene flakes. A significant improvement of mechanical properties of the nanocomposite compared to neat polymer can be seen in Figure 3b, where stress-strain curves for the polyether based TPU 11740DMF and 11740DMF-0.1% gr are presented. As seen, the Young’s modulus increases from 333 to 404 MPa (21%), while the ultimate tensile stress increases by 38% compared to the neat elastomer. The maximum deformation remains as high as the deformation of the neat elastomer. These results provide strong evidence for the successful dispersion of graphene flakes inside the matrix and reveal that if an appropriate dispersion has been achieved, then the matrix properties can significantly be improved even with a negligible amount of graphene. The values of Young modulus for TPUs are summarized in Table 1.
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Figure 3. Stress-strain curves for the GNP-filled TPUs: TPU890A10 produced in DMF (a), TPU11740 produced in DMF (b) and TPU890A10 produced in THF (c).
Table 1. Young modulus (E) and increment of the Young modulus (ΔE) of the GNP-filled TPUs
	Sample
	E (MPa)
	ΔE (%)

	TPU890A10-THF
	42
	-

	TPU890A10-THF-0.1%GR
	49
	16

	TPU890A10-THF-1% GR
	62
	47.6

	TPU890A10-DMF
	46
	-

	TPU890A10-DMF-0.1% GR
	53
	15

	TPU11740-DMF
	333
	-

	TPU11740-DMF-0.1% GR
	404
	33


As reported in Fig. 4, surface measurements of conductivity based on the Van der Pauw method reveal that the surfaces of the GNP-infused elastomers are conductive and that the surface conductivity is strongly affected by mechanical loading. This behaviour has been observed also before for nanocomposite strain sensors and has been explained as being due to the exponential decrease in interparticle tunnelling probability with strain. This result is of paramount importance as it can pave the way for the development of sensors based on graphene-coated elastomers.

[image: image10]
Figure 4. Electric measurements under strain for GNP-filled elastomeric systems: SBR (a), NBR (b), EPDM (c) and EVA foam (d)
3.
Conclusions
Graphene-filled elastomers have been produced by adopting two different methods. The commercial vulcanized elastomers and elastomeric foams have been filled through the swelling/infusion procedure and this lead to a highly heterogeneous dispersion of GNPs, which were highly concentrated at the surface of the matrices. This specific process led to the creation of a conductive layer which could be successfully exploited for the development of novel elastomeric sensors. In contrast, the graphene-filled TPUs obtained by using the solution blending method were found to exhibit a significant enhancement of the mechanical properties of the material. 
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