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Conductive rubbers combine features such as elasticity and electrical conductivities. Here, we developed an elastic conductive material based on nitrile rubber (NBR) and polypyrrole (PPy) by melt processing. PPy was also synthesized in three different media as silver (PPy-Ag), organomontmorillonite (PPy-OMt), and silver-organomontmorillonite (PPy-Ag-OMt) before mixture with NBR. Chemical structure, morphology, and stress–strain properties were evaluated. Pressure sensibility was evaluated in the range of 0–67 MPa during 10 cycles. During the compression and expansion processes, the electrical conductivity changes from high to low values and the difference of loading and unloading cycles demonstrates the repeatability and low hysteresis. The organomontmorillonite clay improves the homogeneity of particles into the matrix, and based on SEM images, the dispersity follows the sequence PPy-OMt, PPy-Ag-OMt, and PPy-Ag-OMt. This behavior affects the electrical conductivity and mechanical and electromechanical properties. The higher elastic modulus for composites compared to neat NBR is assigned to the reinforcing effect of the fillers. NBR/PPy-Ag-OMt (5 wt.%) is the best material in the absolute value of Scomp (46.3%/MPa) and the Scomp/hysteresis ratio (8.5%). In spite of different formulations displaying the best performance on the evaluated criteria (highest absolute conductivity, the highest percentage change in conductivity, lowest hysteresis, and lack of sample disruption), we can suggest that a lower amount of conducting particles benefits the reticulation process (as observed by the gel fraction values). Additionally, the possibility of using mechanical processing to obtain large-scale pressure sensor materials is without a doubt the most important outcome of this research area.
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INTRODUCTION

Pressure sensors are quite interesting materials to be used in areas such as medical and computer science (Job et al., 2003; Rosa et al., 2019). Conductive rubber is a composite material of an elastomeric matrix and conductive particles as a dispersed phase. Typically, the conductive particles are carbon composites and/or intrinsically conducting polymers (ICP) (Ali and Abo-Hashem, 1997; Cho et al., 1998; Sombatsompop et al., 2000; Das et al., 2002; Knite et al., 2004; Bing et al., 2010). This last class has attracted the attention of a wide academic and technological field since they combine electrical properties, similar to metals, and mechanical properties and processability inherent to conventional polymers (Mattoso, 1996; Job et al., 2003; Swart et al., 2017; Sethi et al., 2018; Rosa et al., 2019). The addition of ICP in elastomers can combine the electrical and mechanical properties of these two classes of polymer in one (Hussain et al., 2001; Soto-Oviedo et al., 2006; Tran et al., 2018), allowing its application on technological fields such as pressure sensors, electric wires and cables coating, electrical contacts, carpet with antistatic properties, and others (Mravčáková et al., 2006; Bing et al., 2010). The electrical conductivity of conductive rubber depends on factors such as the nature of the elastomeric matrix and the type, size, structure, surface, and dispersion of the conductive particles as well as the test conditions, such as temperature and pressure (Ali and Abo-Hashem, 1997; Sombatsompop et al., 2000; Job et al., 2003; Bing et al., 2010). The conductor path is created by the different sizes and shapes of conducting particles homogeneously distributed and closer to each other (Hussain et al., 2001; Rosa et al., 2019). At the percolation threshold, the contact between the particles produces a conductive network that can be improved during the compression. From this phenomenon, the resistivity of the material reduces and its conductivity increases (Sombatsompop et al., 2000; Hussain et al., 2001; Job et al., 2003; Bing et al., 2010). However, elastomers–ICP composites still have challenges with the elastomeric cross-linking process (Prudêncio et al., 2014). Then, the use of an inorganic matrix [e.g., organomontmorillonite clay (OMt)] as a template for ICP synthesis is interesting to improve the compatibility of the conductive polymer and the elastomeric matrix, affording a material with superior mechanical properties (Baldissera and Ferreira, 2017). In addition, ICP produced in a confined environment, such as clays, produces a material with superior polymer chain organization and, consequently, higher electrical conductivity and thermal stability, which enables melt processing without degradation and/or electrical properties loss (Mravčáková et al., 2006; Soto-Oviedo et al., 2006; Rosa et al., 2019). Furthermore, the combination of silver nanoparticles with ICP improves the conductivity of the polymer (Wei et al., 2010) and opens the opportunity to use humidity and chemoreceptive sensors (Jlassi et al., 2013). The aim of this work was to prove the hypothesis that the insertion of fillers such as polypyrrole (PPy)-Ag, PPy-OMt, and PPy-Ag-OMt improves the processability and the conductive, thermal, and mechanical properties required for a pressure sensor.

EXPERIMENTAL

Chemicals

Pyrrole (Aldrich, P.A.), ammonium persulfate (APS; Aldrich, P.A.), cetyltrimethylammonium bromide (CTAB; Aldrich, P.A.), silver nitrate (AgNO3; Aldrich, P.A.), sodium dodecyl sulfate (SDS; Aldrich, P.A.), sulfur (Aldrich, P.A.), stearic acid (Synth, P.A.), 2-mercaptobenzothiazole (MBTS-Fluka, PA), and zinc oxide (Synth, PA) were used as received. Bentonit Union (Brazilian trademark) provided montmorillonite clay. Organic-modified montmorillonite clay with ammonium quaternary salt (CTAB) in a weight ratio of salt:clay 1:1 (nominated OMt) was prepared as described in the literature (Fontana et al., 2013). Nitriflex SA, Brazil, provided nitrile rubber (NBR) with 30–34% acrylonitrile.

Preparation of PPy Composites (PPy-OMt; PPy-Ag; and PPy-Ag-OMt)

Polypyrrole (PPy) composites were prepared according to the previous work of França et al. (2017). Briefly, cationic (CTAB) and anionic (SDS) surfactants were dissolved in 100 ml of ultrapure water at a molar ratio of 1:5. Afterward, CTAB/SDS was added to the OMt dispersion (mass proportion of 1:1, PPy : OMt) and stirred for 2 h. Pyrrole (0.35 ml; 5.0 mmol) and APS (1.14 g; 5.0 mmol) were then added to the previous solution. The polymerization proceeded under magnetic stirring for 24 h. It was named PPy-OMt. For PPy-Ag-OMt composites, we used the same procedure, except for the silver nitrate (AgNO3) (0.85 g; 5.0 mmol) used as an oxidant instead of the APS (França et al., 2017). For PPy-Ag, the same procedure for PPy-Ag-OMt was used except for the OMt absence. All samples were isolated by vacuum filtration using 0.22 μm hydrophilic PVDF membranes, washed several times with ultrapure water, and dried in a desiccator containing P2O5.

Preparation of NBR/PPy Composites

Conductive rubber containing PPy composites in a proportion of 5, 10, and 15 wt.% were mechanically mixed in a Haake Torque Rheometer mixer chamber with roller rotors. First, NBR was kept in the chamber for 2 min for mastication process, followed by the addition of the PPy composites at 150°C and 70 rpm for an additional 4 min, totaling 6 min of mixing. Secondly, at 100°C and 50 rpm, the vulcanizing agents were added in sequence: 5 wt.% of ZnO, 3 wt.% of stearic acid, 2 wt.% of sulfur, and 1 wt.% of MBT. Then, the material was passed under a roll mill and pressed under 6 tons in a hot press at 160°C for 10 min to complete the curing reaction.

Characterization

The fracture morphology images of the NBR/PPy composites containing 10 wt.% were taken in a field emission scanning electron microscope SEM-FEG JEOL (model JSM6701F) at 500 × and 5,000 × magnification using BS and SE detectors. Stress–strain behavior was performed according to DIN53504 Standard (DIN 53504, Germany, 1975) in a universal testing machine EMIC DL 2000 with a speed of 200 mm min−1. The compression sensitivity test was conducted according to the method developed by Souza et al. (2005). The test was performed using a Keithley electrometer 6517A connected to the sample compartment and coupled to an Instron machine (Model 5569) using 10 cycles. The parameters of the experiment were as follows: a maximum force of 10,000 N, a test speed of 2 mm s−1, and a maximum pressure of 62.70 MPa.

In order to better understand the cross-linking behavior of the elastomers, the soluble fraction (SF) and gel fraction (GF) were determined. Samples were soaked in methylethylketone (MEK) for 8 days. The difference between the swelled and dried samples was used to determine the SF and GF.

RESULTS AND DISCUSSION

Figure 1 shows the torque curves of the NBR/PPy composite mixing (Figure 1A), NBR/PPy composites combined with the vulcanizing system (Figure 1B), and torque values at the plateau vs. PPy composite loadings (Figure 1C). From torque curves, we can follow the mixing behavior of the components of the mixture independent of the PPy composite types. At the beginning of the mixture, the increase of the torque (~30 s) is assigned to the NBR addition in the chamber followed by a torque decrease due to the mastication process. After 2 min, a torque decrease shown as a peak is attributed to the chamber opening to add PPy composites, and the mixing process continued until reaching a plateau (6 min). The torque curves of the NBR/PPy composites during the insertion of the vulcanizing system (Figure 1B) shows four peaks at ~30, 60, 150, 300, and 390 s assigned, respectively, to the addition of the ZnO, stearic acid, sulfur, and MBT. After the whole vulcanizing system was inserted, the process continued for 90 s to guarantee that no reticulation reaction started to occur inside the mixing chamber. The reticulation only occurred during the molding at 160°C in the hot press (6 tons for 10 min). Figures 1C.1, C.2 compare the torque values at the plateau for the different PPy composites before and after vulcanization, respectively. The sequence of torque values, independently of the filler amount, is NBR/PPy-OMt > NBR/PPy-Ag > NBR/PPy-Ag-OMt. Higher torque values at the plateau represent a harder mixture and imply better interaction among the components, mainly the aggregation of the filler into the matrix. Also, we observe the influence of the amount of filler for PPy-OMt, which corroborated the hypothesis of better interaction of the filler with NBR (Thomas and Maria, 2017). PPy-Ag shows intermediate performance with a slight increase for superior filler loading; PPy-Ag-OMt displays no influence of the filler amount. Besides, no significant differences of the torque values at the plateau for composites after the addition of vulcanizing system were observed (Figure 1C.2).
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FIGURE 1. Torque curves of NBR/PPy composites. (A.1–A.3) Components mixing curves; (B.1–B.3) NBR/PPy composites combined with the vulcanizing system; and (C.1,C.2) torque values at the plateau vs. PPy composite loadings.



Figure 2 shows the fracture morphology of the NBR/PPy-OMt, NBR/PPy-Ag, and NBR/PPy-Ag-OMt, all of them with 10 wt.% of PPy composite. A backscattered electron (BSE) detector (Figures 2B,D,F) was used in order to show the difference in contrast over the SEM images. Brighter BSE images are shown for material prepared with an element with a high atomic number. In this way, the dispersity of nanosilver particles can be identified as well as the inorganic material dispersed on the elastomeric matrix. Inserted images at Figures 2B,D,F are at high magnifications to show the morphology of the particles into de NBR. Conductive rubbers with 5 and 15 wt.% of PPy composite displayed similar morphology and are not shown here. We observe a high dispersity and homogeneity of PPy-OMt particles into an NBR with a smooth surface. The morphology reflected the torque results since the homogeneous morphology aspect is related to a good interparticle interaction among components (Figures 2A,B). The morphologies of NBR/PPy-Ag and NBR/PPy-Ag-OMt (Figures 2C–F, respectively) were analyzed as a function of the presence of Ag nanoparticles and OMt. We also observe higher homogeneity but small clusters dispersed in the matrix. According to the BSE images (Figures 2D,F) we assigned the white images to the Ag in which the particles are clumped in the pointed stars shape. This morphology is quite interesting since the agglomerations improve the performance of the material during the compression-expanded cycles due to the particle–particle contact (Figure 3; Souza et al., 2005; Thomas and Maria, 2017). It is interesting to note the decrease of the particle size and also the improvement of the dispersion and homogeneity of the particle into the NBR rubber matrix comparing PPy-Ag and PPy-Ag-OMt composites.
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FIGURE 2. SEM fracture morphology of NBR with 10 wt.% of (A,B) PPy-OMt, (C,D) PPy-Ag, and (E,F) PPy-Ag-OMt. (A,C,E) are images of secondary electrons and (B,D,F) are images of backscattered electrons.
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FIGURE 3. Compression–expansion curves of NBR-PPy-Ag, NBR-PPy-OMt, and NBR-PPy-Ag-OMt.



Table 1 shows the electrical conductivity and mechanical properties of the NBR composites. The electrical conductivity values are in the order of 10−6 to 10−8 S cm−1, which characterizes semiconducting material. The sequence of the conductivity of the material is due to the presence of the nanosilver, i.e., NBR/PPy-OMt < NBR/PPy-Ag-OMt < NBR/PPy-Ag. This behavior is in accordance with the value of neat particle conductivity (França et al., 2017) and the contact between the dispersed particles in the NBR matrix. Mechanical properties depicted as elastic modulus, tension, and deformation at break show discrepant values according to the amount and type of the conducting particles. Elastic modulus represents the rigidity or stiffness of a material. Compared to the neat NBR, we observed higher elastic modulus for composites, corroborating the reinforcing effect of the filler on the elastomeric matrix. NBR/PPy-OMt show higher values and increase with the filler content. However, in NBR/PPy-Ag and NBR/PPy-Ag-OMt, besides the lower values, no linearity is observed according to the filler amount. This behavior is assigned to the GF values. GF measures the degree of the reticulation of the material, and lower values are due to the solubilization of the elastomer not cross-linked. Since the reticulation is lower, the module also decreases. The tensile strength at break is higher for PPy-OMt, but Ag particles decrease the strength. This behavior can be assigned to the agglomeration of the particles that generate points of fragility in the material. Both properties, module and strength, corroborate with the largest deformation of PPy-Ag and PPy-Ag-OMt composites.


Table 1. Electrical conductivity, elastic modulus, maximum stress, maximum strain, and gel fraction of NBR/PPy-OMt, NBR/PPy-Ag, and NBR/PPy-Ag-OMt conductive rubbers.
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Figure 3 shows the expansion–compression cycles and Table 2 shows the electromechanical properties of NBR/PPy-Ag, NBR/PPy-OMt, and NBR/PPy-Ag-OMt. In order to correlate the data sets supplied by the Instron machine and the electrometer, a method was followed as summarized: The percentage variation of the sample conductivity (Δσ) is calculated in accordance with Equation (1).


Table 2. Electromechanical properties.
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Experimental data obtained during compression (loading) and expansion (unloading) are treated separately. The average hysteresis ([image: image]) is calculated in accordance with Equation (2).
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where n is the number of compression and expansion cycles and Δσc(j) and Δσd(j) represent the percentage variation of the sample conductivity obtained during the jth compression and expansion cycles, respectively. Δσc(j) and Δσd(j) are taken at the half of the maximum applied pressure. The compression sensitivity (Scomp) can be defined as shown in Equation (3).
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and can be computed for each data pair (Δσ vs. P) during compression and expansion cycles. Finally, the average Scomp can be calculated as shown in Equation (4).
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For NBR/PPy-Ag materials, as PPy-Ag content is increased, the higher is the compression sensitivity. By increasing content, the contact between the particles is improved, and as these particles are large in size and the dispersity is lower (as observed in SEM images), a higher concentration is necessary to have contact and, consequently, conductivity. The linearity was not observed for NBR/PPy-OMt and NBR/PPy-Ag-OMt. Both material composites with 5 wt.% PPy-OMt or PPy-Ag-OMt showed higher Scomp (35.8 and 46.3%/MPa, respectively), besides higher hysteresis. However, comparing the relative percentage of Scomp/hysteresis values of 10.5% and 8.5%, it is found that NBR/PPy-Ag-OMt (5 wt.%) is the best material in terms of absolute value of Scomp and Scomp/hysteresis ratio. In spite of the different formulations displayed and the best performance on the evaluated criteria (highest absolute conductivity, the highest percentage change in conductivity, lowest hysteresis, and lack of sample disruption), we can suggest that a lower amount of conducting particles benefits the reticulation process (as observed by the GF values). Also, considering the 16 vol.% general concentration of particles to achieve the percolation threshold, the materials we prepared are below this value and can contribute to particle contact during expansion–compression cycles (Schueler et al., 1997). Besides, the clay improved the dispersion of the particles in the NBR, which helps to decrease the necessary amount of filler to the performance of the material. The properties of the conductive rubbers can be influenced by the amount of filler used, in the way it interacts with the matrix and with the other filler particles. Song (2017) compared micro- and nanofillers used as reinforcement and emphasized how organic modifications, coupling agents, and better dispersion control techniques influence the interaction between the rubber matrix and the fillers as we observed in our work.

CONCLUSION

Conductive rubber based on NBR added with PPy composites has shown interesting properties to be applied in the pressure sensor. Among the samples, NBR/PPy-Ag 15 wt.% was highlighted because of the highest volume conductivity and lower hysteresis attained. On the other hand, the NBR/PPy-Ag-OMt 5% proved to be the best material in terms of absolute value of Scomp and the Scomp/hysteresis ratio. These results were related to morphological aspects, where the particles are shown to be dispersed, and the amount and the type of filler played an important role to the connected–disconnected system between particles that could happen during the compression–expansion cycles.
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