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Hybrid conducting composites comprising thermoplastic polyurethane (TPU) and mixtures of carbon black modified with polypyrrole (CB-PPy) and carbon nanotubes (CNT) were prepared by melt mixing process. The electrical conductivity, rheological properties and electromagnetic shielding effectiveness (EMI SE) of TPU/CB-PPy and TPU/CNT composites were also investigated those results observed for TPU/CB-PPy/CNT hybrid composites. TPU/CNT composites show a very sharp insulator-conductor transition and the electrical percolation threshold was about 1 wt% of CNT, which was lower than that found for TPU/CB-PPy (7 wt%). Moreover, EMI SE values of TPU/CNT composites were higher than those for TPU/CB-PPy due to the denser CNT conductive pathway into TPU matrix. In order to achieve the highest electrical conductivity and EMI SE values, mixtures of CB-PPy/CNT were added in the composites in different mass fractions. In fact, the electrical conductivity values increased by combining CB-PPy and CNT, resulting in hybrid composites of TPU/CB-PPy/CNT with higher EMI SE values when compared to TPU/CB-PPy composites. The present study demonstrates the potential use of hybrid polymer composites containing 5 or 8 wt% of CB-PPy/CNT at specific CB-PPy/CNT ratios with good processabilty and EMI SE values as high as −20 dB indicating the potential use of these materials for electromagnetic shielding application in the X-band frequency region.
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INTRODUCTION

The production of electromagnetic shielding materials has been extensively studied due to the proliferation of electromagnetic interference (EMI) produced by high-performance electronic devices (Håkansson et al., 2007; Ramoa et al., 2013; Kausar, 2016). Metals are the most common materials to prevent EMI; however, these materials have some disadvantages such as high density, low corrosion resistance, high stiffness and processing difficulties (Mahapatra et al., 2008). In this context, the interest in developing electrically conductive polymer composites (CPC) comprising an insulating polymer matrix and a disperse phase of electrically conductive filler has increased because of their low weight, corrosion resistance and ease of processing. Moreover, the electrical properties and electromagnetic shielding effectiveness (EMI SE) of these materials can be modified by adding different amounts of conductive filler into insulating polymer matrix.

Several interesting works concerning the production of EMI shielding polymer composites with improved electrical conductivity and EMI SE values have been reported (Yavuz et al., 2005; Mahapatra et al., 2008; Sudha et al., 2009; Kim et al., 2011; Kaur et al., 2012; Zhang et al., 2012; Al-Saleh et al., 2013; Sharma et al., 2016; Kumar et al., 2017; Kuester et al., 2018; Kumar and Patro, 2018). The most commonly used conductive fillers are carbon fillers, such as carbon nanotubes (CNT) (Mahapatra et al., 2008; Socher et al., 2011; Kaur et al., 2012; Zhang et al., 2012; Al-Saleh et al., 2013; Kumar et al., 2017; Yu et al., 2018), expanded graphite (EG) (Piana and Pionteck, 2013; Kuester et al., 2016), carbon black (CB) (Sumfleth et al., 2009; Chen J. et al., 2013; Burmistrov et al., 2016; Pan et al., 2016; Jeddi and Katbab, 2017; Mondal et al., 2018), graphene (GE) (Al-Saleh, 2015; Sharma et al., 2016) and graphene nanoplateles (GnP) (Chu et al., 2012; Al-Saleh, 2016), and intrinsically conducting polymers (ICP), for instance, polypyrrole (PPy) (Yavuz et al., 2005; Taunk et al., 2008) and polyaniline (PAni) (Sudha et al., 2009; Kim et al., 2011; Oyharçabal et al., 2013). Their advantages are good thermal stability, lightweight, ease of processing, and compatibility with polymer matrices. Although significant progress in this field has been achieved, a great effort has been made to produce conductive polymer composites at lower conductive filler concentrations in order to maintain the rheological and mechanical properties of the insulating polymer matrix. There are several strategies available to reduce the electrical percolation threshold in CPC, including the adequate choice of the filler, polymer matrix, manufacturing method and the most suitable processing conditions.

The technique based on dispersion of two or more conductive fillers into an insulating polymer matrix has been used to improve the composite properties. In fact, some works in the open literature demonstrate better EMI SE results when conductive fillers with different geometries are combined into an insulating polymer matrix (Zhang et al., 2012, 2018; Szeluga et al., 2015; Jang et al., 2016; Kumar et al., 2017; Wu et al., 2017). For instance, Sharma et al. (2016) and Kuester et al. (2017) observed higher EMI SE values for hybrid composites containing CNT/GR and CNT/GnP, respectively, than those found for composites containing the individual fillers.

As previously mentioned, the selection of the polymer matrix is another important key to developing CPC for EMI shielding (Socher et al., 2011). Among insulating polymer matrices, thermoplastic polyurethane (TPU) is widely used due to its versatility. Besides its thermoplastic properties, TPU also has the elasticity of vulcanized rubbers without the need of the vulcanization process (Ramoa et al., 2013). In addition, TPU is composed of two-phase microstructure based on a soft polyester or polyether phase reinforced by a hard phase of aromatic diisocyanate extended with a short-chain diol. Moreover, several studies have reported the production of TPU/CNT composites using various manufacturing methods including solution and melt processing (Guo et al., 2008; Ramoa et al., 2013; Chen et al., 2015). Generally, CNT-filled polymer composites show a better EMI shielding effectiveness and electrical conductivity values at the same filler content when compared to the conductive carbon black (CB)-filled polymer composites. However, composites containing high amount of CNT are more expensive and difficult to process than CB-filled polymer composites. Based on this context, this work proposes the preparation of conductive hybrid composites composed of carbon black modified with polypyrrole (CB-PPy), CNT, and TPU matrix through melt mixing in order achieve the best relationship between electrical conductivity, EMI shielding effectiveness and processability. The microstructure, electrical conductivity, rheological properties and EMI SE of TPU/CB-PPy/CNT hybrid composites were evaluated and compared to those obtained for TPU/CB-PPy and TPU/CNT composites.



EXPERIMENTAL


Materials

The thermoplastic polyether-based polyurethane Elastollan® 1180 A10 used in this study was supplied by Basf –Brasil. It was characterized by a specific gravity of 1.11 g.cm−3 and electrical conductivity of 10−13 S.cm−1. The multi walled carbon nanotubes were provided by Nanocyl SA (NC 7000) with carbon purity of 90%, average diameter of 9.5 nm, average length of 1.5 μm and electrical conductivity of 104 S.cm−1. Carbon black/polypyrrole was purchased from Sigma Aldrich (80 wt% of carbon black) with electrical conductivity 3 × 101 S.cm−1.



Composites and Sample Preparation

The composites were prepared by melt blending with different amounts of carbon black/polypyrrole (from 0 to 15 wt%) and carbon nanotubes (from 0 to 8 wt%). Initially, the materials were dried overnight at 60°C. The hybrid composites were produced with 3, 5, and 8 wt% of total filler and the fraction of each filler was 25:75, 50:50, and 75:25. Then, the polymer and the fillers were mixed in a Thermo Haake Polylab Rheomix 600p internal mixer at a rotor speed of 60 rpm for 15 min and at 170°C. The mixed compounds were molded (in square plaques) by thermo-compression using a hydraulic press at 170°C for 5 min and under a 15 MPa pressure.



Methodology

The electrical conductivity of the high-conductive samples was measured using a four-probe standard method. The current source was a Keithley 6220 equipment and the voltage was measured by a Keithley electrometer Model 6517A. For the high-resistive samples a two-probe standard method was performed by a Keithley 6517A electrometer connected to a Keithley 8009 test fixture. The sample thickness was 0.5 mm and the measures were performed on both sides of three different films.

A field emission gun scanning electron microscope (FEG-SEM) Jeol model JSM-6701F was used to investigate the morphology and the filler dispersion. The samples were prepared using liquid nitrogen to break the films in a brittle manner and the fractured surface was sputtered with a gold layer. A tension of 10 kV was applied during the analyses. Different regions of a sample were analyzed.

The rheological properties of the composites in the molten state were measured by a dynamic oscillatory rheometer ThermoHaake MARS II with 20 mm plate–plate geometry at 170°C. The analysis was carried out under a nitrogen atmosphere and the frequency scanned from 0.01 to 100 Hz. Three specimens were analyzed and the thickness and the diameter of the samples were 1 mm and 25 mm, respectively.

The EMI SE analysis was performed by a N5230C Agilent Technology PNA series analyser in the X-band frequency range (8.2–12.4 GHz) connected to a waveguide used as the sample holder. The thickness of the samples was 2 mm and three specimens of each composition were analyzed. The contribution of reflection (SER) and absorption (SEA) shielding on the total EMI SE values was determined using the experimental power data (incident (I), reflected (R) and transmitted (T) power) and equations (1)–(3):
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RESULTS AND DISCUSSION

In order to evaluate the effect of CB-PPy and CNT contents on the electrical conductivity of the TPU matrix, composites based on TPU/CB-PPy and TPU/CNT were produced. As shown in Figure 1, TPU/CNT composites exhibit a very sharp insulator-conductor transition and the electrical conductivity enhances significantly with increasing CNT content. The electrical conductivity of TPU/CNT composites containing 1 and 2 wt% of filler increased 104 and 1011 times, respectively, when compared to the neat TPU (10−13 S.cm−1), reaching a maximum value of about 1 S.cm−1 at 8 wt% of CNT content. These values are quite similar to those observed by Ramoa et al. (2013) and Zhang et al. (2007), suggesting that a good dispersion of CNT into TPU matrix was achieved. On the other hand, a slight increase on the electrical conductivity with the increasing in CB-PPy content was observed. This behavior can be assigned to the higher aspect ratio and better distribution of CNT into the TPU matrix than those found for CB-PPy. In fact, the percolation threshold (fp) and the critical exponent (t) determined by a power law equation (Equation 4) for TPU/CNT were 1 wt% and 2.4, respectively, while TPU/CB-PPy showed a higher percolation threshold, 7 wt%, and lower t, 2.1. For both composites, the critical exponent was higher than 2, which implies multiple percolation or tunneling (Levon et al., 1993).
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σ is the electrical conductivity of the composites, c is a constant, f is the filler weight content, fp is the filler weight content at the percolation threshold and t is the critical exponent. The critical exponent t is related to the number of contacts between the fillers at the percolation threshold. The Equation 4 is used as an empirical approximation for mixtures with weight fraction compositions.


[image: Figure 1]
FIGURE 1. Electrical conductivity of TPU/CNT and TPU/CB-PPy as function of filler content.


FEG-SEM micrographs of cryogenically fractured surfaces of neat TPU, TPU/CNT, and TPU/CB-PPy composites containing 8 wt% of the conductive fillers are observed in Figure 2. The white points correspond to the disperse phase into TPU matrix. The microstructure of both composites shows a typical separation and the presence of conductive filler agglomerates well-dispersed contributing to the formation of a conducive pathway in the TPU matrix. As discussed on the above, CNT have high aspect ratio, therefore, small filler content is necessary to create a conductive network in the TPU matrix reducing the percolation threshold. On the other hand, carbon black-polypyrrole has spherical morphology with low aspect ratio and higher percolation threshold, which means a larger amount of this filler is necessary to form a conductive path.


[image: Figure 2]
FIGURE 2. FEG-SEM micrographs of cryogenically fractured surfaces of (A) neat TPU, (B) TPU/CNT, and (C) TPU/CB-PPy containing 8 wt% of conductive filler.


The storage modulus (G′) and loss modulus (G″) as a function of the conductive filler and the frequency for both TPU/CNT and TPU/CB-PPy composites are shown in Figure 3. The neat TPU presents a liquid-like behavior (G″>G′) and its transition from liquid to solid-like behavior (G″ < G′) is observed at a frequency of 64.8 Hz. For both composites, G′ and G″ increase significantly with the increasing in the conductive filler content into the TPU matrix, indicating that these systems exhibit a pseudo-solid-like behavior. TPU/CNT and TPU/CB-PPy composites with 0.5 and 3 wt% of filler content, respectively, exhibit a transition from liquid to solid-like behavior at the same frequency value found for the neat TPU, while the values for G′ and G″ become almost independent of the frequency at lower frequencies for composites containing 3 wt% of CNT and 10 wt% of CB-PPy. The origin of this behavior can be assigned to the formation of a percolate network, in which the number of interfaces between conductive fillers into the insulating polymer matrix is considered.


[image: Figure 3]
FIGURE 3. Storage modulus as a function of conductive filler content and frequency for (A) TPU/CNT and (B) TPU/CB-PPy.


It is important to highlight that complex viscosity of TPU (2.1 Pa.s) increases abruptly with increasing the CNT content, as shown in Table 1. For example, the complex viscosity of neat TPU increased approximately 171- and 16-fold by adding 8 wt% of CNT and CB-PPy, respectively. Moreover, TPU/CNT composites was partially impaired for CNT filler concentration above 8 wt%. Therefore, conductive hybrid composites were produced to achieve the best relationship between electrical conductivity, EMI shielding effectiveness and processability at the same reducing the cost.


Table 1. Complex viscosity of TPU and composites composition.

[image: Table 1]

Figure 4 displays the effect of the conductive filler type and content on the EMI SE as a function of the frequency in the range of 8–12 GHz. TPU/CNT composites exhibit higher EMI SE at the same filler content in the whole frequency range when compared with TPU/CB-PPy due to the higher aspect ratio of CNT, what leads to the easier creation of the filler path and consequently, higher increase in the electrical conductivity. For example, composites with 3 wt% of CNT and CB-PPy show EMI SE values of −21.2 and −3.1 dB, respectively. These results are in good agreement with the electrical conductivity, rheological properties and microstructure analyses of TPU/CNT and TPU/CB-PPy composites, as discussed previously. The EMI SE values of TPU/CNT composites obtained in the present work are higher than those reported by Liu et al. (2007) and Ramoa et al. (2013).


[image: Figure 4]
FIGURE 4. EMI SE of (A) TPU/CNT and (B) TPU/CB-PPy composites with different amounts of CNT and CB-PPy.


In addition, the EMI SE of TPU/CB-PPy is quite similar to that presented by Ramoa et al. (2013) for TPU/CB composites. Furthermore, the EMI SE values found for TPU/CNT composites containing 3 to 8 wt% of filler are similar or quite higher than those results observed in composites containing different carbonaceous fillers (Al-Saleh et al., 2013; Jeddi and Katbab, 2017; Kumar et al., 2017; Kuester et al., 2018). According to the literature (Li et al., 2006), the desirable EMI SE is at least−20 dB for commercial application, which corresponds to 99% of radiation attenuation (Chen Z. et al., 2013; Ramoa et al., 2013). This value was reached for TPU composites containing 15 wt% of CB-PPy and 3 wt% of CNT.

Figure 5 illustrates the relationship between the conductive filler and the contribution on the EMI SE by reflection and absorption shielding. The SER and SEA increase with the increasing in the conductive filler content for both composites. Moreover, the SEA values for TPU/CNT at all compositions are higher than those found for TPU/CB-PPy composites, probably due to the higher aspect ratio, better distribution and better interaction between CNT and the electromagnetic radiation when compared to those observed for CB-PPy.


[image: Figure 5]
FIGURE 5. Total EMI SE, SEA and SER values of composites as a function (A) CNT and (B) CB-PPy content measured at 9 GHz.


In order to reach a maximum EMI SE and electrical conductivity values at the lowest CB-PPy content, hybrid composites of TPU/CB-PPy/CNT were produced. The correlation between electrical conductivity and conductive filler fraction for (a) 3 wt%, (b) 5 wt%, and (c) 8 wt% of total filler content (CB-PPy/CNT) is illustrated in Figure 6. For composites with 3 wt% of total filler concentration having different filler ratios of CNT/CB-PPy = 0; 0.25; 0.5; 0.75; and 1, the electrical conductivity increases with decreasing CB-PPy content, indicating that CNT played an important role on the conductive network formation. On the other hand, the electrical conductivity for all hybrid composites containing 5 and 8 wt% of different filler ratio is quite similar probably due to the high amount of CNT concentration, which is higher than the percolation threshold for TPU/CNT composites.


[image: Figure 6]
FIGURE 6. Electrical conductivity of composites as a function of CNT/CB-PPy (wt%) ratio for hybrid composites containing a total filler amount of 3, 5, and 8 wt%.


Figure 7 illustrates the EMI SE of TPU/CB-PPy/CNT as a function of filler content. With increasing CNT content for the hybrid composites, the total EMI SE enhances and the main shielding mechanism is by absorption. For hybrid polymer composites containing 3 wt% of conductive filler, the EMI SE is lower than the desirable value for shielding material applications. As shown in Table 2, the EMI SE values are dependent on the electrical conductivity of the composites because of the conductive network formation. Therefore, polymer composites with electrical conductivity below 10−3 S.cm−1 generally show EMI SE values lower than −20 dB. On the other hand, hybrid composites containing 5 wt% at CB-PPy/CNT ratio of 75:25 and 8 wt% at filler ratio of 75:25, 50:50, and 25:75 presented total EMI SE values higher than −20 dB, suggesting that those composites have a great potential as EMI shielding material.


[image: Figure 7]
FIGURE 7. (A–C) Total EMI SE, SEA and SER values of TPU/CB-PPy/CNT composites as a function of filler content.



Table 2. Values of SEA, SER and electrical conductivity for hybrids composites of TPU/CNT/CB-PPy measured at 10 GHz.
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CONCLUSION

Conducting polymer composites comprised of TPU/CB-PPy, TPU/CNT, and TPU/CB-PPy/CNT were successfully produced through melting mixing process. Electrical conductivity, rheological properties and EMI SE were significantly affected by the conductive network formation. Therefore, the increase of filler content resulted in the raise of the electrical conductivity and EMI SE values of both TPU composites. The electrical conductivity of composites with 3 wt% of CNT and 15 wt% of CB-PPy increases about 12 orders of magnitude when compared to that found for neat TPU. TPU/CNT exhibited the desired level of EMI SE, −20 dB, at a filler content higher than 3 wt% while 15 wt% of CB-PPy is required to reach this value. This behavior can be assigned to the higher aspect ratio and better distribution of CNT filler into TPU matrix when compared to the CB-PPy filler. On the other hand, TPU composites containing CNT are more difficult to be processed at the same conductive filler content than CB-PPy-filled TPU composites. TPU/CNT composites was partially impaired for CNT filler concentration above 8 wt%. Concerning the hybrid composites (TPU/CB-PPy/CNT), the CNT play an important role on the electrical conductivity, EMI and rheological properties. In fact, with increasing the CNT content in the TPU/CB-PPy/CNT these properties enhance significantly. A schematic drawing of the interaction between CNT/CB-PPy particles is shown in the Supplementary Figure. For hybrid polymer composites containing 3 wt% of conductive filler, the EMI SE is lower than the desirable value for shielding material applications. Moreover, hybrid composites with good processability at 5 wt% of CNT/CB-PPy ratio 75:25 and 8 wt% of filler ratio 75:25, 50:50, and 25:75 presented total EMI SE values higher than −20 dB, demonstrating the potential use of these materials for electromagnetic shielding applications.
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