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Abstract

:

Melt processing is considered one of the favored techniques to produce polymer nanocomposites with various inorganic fillers such as graphene and carbon nanotubes (CNTs). Due to their superior conductivity and tensile properties, among others, CNTs have been applied in broad applications. When a low filler fraction is desired, a high degree of dispersion is required in order to benefit from the intrinsic properties of CNTs. However, due to their high cohesive energy, dispersing CNTs in polymer melts is a difficult task. This study employed the melt mixing technique with a controlled residence time of 20 min to disperse single-walled carbon nanotubes (SWNTs) into a polypropylene matrix. The composites were prepared by using a corotating twin-screw extruder equipped with a back-conveying element with varying amounts of SWNTs from 0.29 to 6.56 wt.%. Mechanical, electrical, morphological, and rheological properties were evaluated. Due to the filler effect, storage, loss modulus, and complex viscosity increased with the SWNT content. Based on the van Gurp–Palmen plot, 0.29 wt.% SWNTs was the rheological percolation threshold, and the electrical property measurement revealed a 1.4 wt.% SWNT electrical percolation threshold based on the statistical percolation theory. Relatively large agglomerates were found when the SWNT content increased more than 1.28 wt.%.
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1. Introduction


The development of new functional polymer materials is often accomplished by several strategies, such as the mixing of a conventional matrix polymer with other polymer components (polymer blends) and/or solid fillers (composites). The advantage of this method and such composites has resulted in better conditions for market launch and higher customer satisfaction compared to homopolymers [1].



Carbon nanotubes (CNTs) are prominent fillers. Following their first detailed description in the scientific literature in 1991, these “coaxial tubes of graphitic sheets” [2] attracted the attention of the wider scientific community and found practical application due to their outstanding performance, especially their electrical [3,4,5,6,7,8], thermal [9,10,11,12], and mechanical properties [12,13,14,15,16,17,18,19].



Because of these excellent properties, CNTs are utilized in a variety of technologically important applications, such as automotive and aerospace engineering, defense, electronics, energy, and sporting goods [20]. With their popularity, the global production of CNTs has already exceeded the kiloton level and is expected to more than double in the next 4 years due to the increasing production of existing manufacturers and the emergence of new manufacturers [21].



As CNTs tend to form strong agglomerates caused by physical interactions such as van der Waals forces, several methods have been applied to disperse and distribute these primary agglomerates in order to utilize the benefits of the properties of individual CNTs. Depending on the nature of the polymer, various processing techniques, such as high-shear mixing [22], electrospinning [23], surfactant-assisted processing [24], in situ polymerization [25], latex fabrication [26], and melt processing [1,27,28,29], can be found in the literature. Among these, melt processing is the preferred method for the processing of thermoplastic-based composites and is highly relevant for industrial applications.



For industrial applications of the melt mixing process, two-step masterbatch (MB) dilution is considered a favorable option over direct nanotube incorporation. In order to create electrically percolated networks within CNT composites, the secondary agglomeration of individualized CNTs is important and has been explained in many studies [27,28,29,30,31]. Secondary agglomeration, however, requires well-dispersed CNT masterbatches, which should be generated from the masterbatch production step.



When it comes to the melt mixing process of masterbatches, processing conditions need to be considered, namely rotation speed, residence time, and temperature profile. Among these factors, it is often reported that rotation speed (shear stress) is highly significant for better dispersion of CNTs in polymer matrices [1,22,27,32]. Kasaliwal et al. [27] applied the response surface methodology to investigate the effect of temperature and rotation speed on the dispersion of multiwalled CNTs (MWNTs) in polycarbonate (PC). It was found that the dispersion of MWNTs improved linearly with increasing rotation speed, whereas temperature was not significant. Villmow et al. [1] discussed the influence of extrusion conditions, screw configuration, throughput, and rotation speed. It was revealed that rotation speed has a high influence on the macrodispersion of MWNTs in polycaprolactone (PCL). Verma et al. [33] applied the melt recirculation approach to prepare MCNT/PPC composites containing up to 15 wt.% of two different aspect ratios of MCNTs. It was found that these composites display a very low percolation threshold and an improvement in tensile strength.



Polypropylene (PP) homopolymer is a nonpolar partial crystalline polymer that has a lower density, higher melting temperature, higher heat resistance, and higher stiffness than low- and high-density polyethylene (LDPE and HDPE, respectively) [34]. Thus, PP has been popularly used as a matrix to reinforce both single-walled CNTs (SWNTs) [35,36,37] and MWNTs [38,39,40], whereas, due to their high interfacial energy with CNTs (≈10 mJ/m2) compared to polar polymers such as polycarbonate (≈2.4 mJ/m2) [41], CNTs are difficult to disperse in PP, resulting in the further physical or chemical modification of CNTs or PP. Chemical or physical modifications of CNTs and PP, however, are not suitable for industrial applications.



According to the aforementioned studies, it is well known that the most important factors for achieving good dispersion of CNTs are high mixing energy and long residence time, resulting in two dominant dispersion mechanisms: rupture and erosion [42,43]. In particular, the long residence time induces an erosion mechanism toward the agglomeration of CNTs. In order to utilize the benefits of the long residence time, in this study, a specially designed corotating twin-screw compounder with a back-conveying element and a closed plate is used. With a controlled residence time of 20 min, PP/SWNT composites with varying amounts of SWNTs (0.29, 0.43, 0.62, 1.28, 2.94, 3.66, 4.29, 4.90, and 6.56 wt.%) were prepared. To evaluate the dispersion state of SWNTs, rheological, morphological, electrical, and mechanical properties were measured.




2. Materials and Methods


2.1. Materials


PP (HF 429, Samsung Total, Daesan, Korea) with a melt flow index of 8 g/10 min at 240 °C and a melting temperature of 239.4 ± 0.23 °C was used as the matrix. Nonfunctionalized, commercially available single-walled carbon nanotubes (TUBALLTM; OCSiAl Korea, Incheon, Korea) were used without further purification. According to the specifications provided by the manufacturer, TUBALLTM has more than 85% carbon purity. The outer mean nanotube diameter is 1.8 ± 0.4 nm and longer than the 5 µm length of the nanotube.




2.2. Sample Preparation


A schematic diagram of the sample preparation is illustrated in Figure 1. A Brabender microcompounder TSC 42/6 (Brabender®, Duisburg, Germany), designed with a small-scale, conical, counter-rotating twin-screw compounder with a barrel capacity of 50 g and a screw diameter of 42 mm (L/D = 6), was used. Based on the PP specifications provided by the manufacturer and preliminary experiments, PP/SWNT composites were produced under a barrel temperature of 250 °C, a rotation speed of 50 rpm, and a residence time of 20 min. The concentrations of SWNTs in the PP matrix were 0.3, 0.5, 0.8, 1.2, 3, 3.5, 4, 5, and 7 wt.%.



In order to estimate the shear stress of the composite melt inside the barrel, the specific mechanical energy (SME) was calculated using Equation (1), where the drive torque τ (kJ), rotation speed N (min−1), and throughput   m ˙   (kg/min) are involved. This parameter is considered to explain the good characterization of the extrusion process.


  SME =   τ ⋅ N   m ˙    (    k J  /  k g    )   



(1)







In this study, drive torque τ was obtained from the compounder, throughput   m ˙   was averaged at 0.0017 ± 0.0002 kg/min, and rotation speed N was fixed at 50 min−1.



After pelletizing, the amount of CNTs in the composite granules was analyzed using a thermogravimetric analyzer (TGA) (Model: TGA Q500, TA Instrument, New Castle, DE, USA)). Pelletized granules were cryofractured to observe the dispersion state of SWNTs.



After that, the composite granules were compression molded to measure morphological and electrical properties and injection molded to measure mechanical and rheological properties. Compression molding was performed using a QMESYS hot press (Model: QM900A, Quality & Measurement System, Uiwang, Korea). Molding was carried out at 220 °C with a preheating time of 3 min, a pressing time of 1 min, and a cooling time of 3 min. For accurate characteristic measurement, it was necessary to prepare specimens with a consistent shape and size. Thus, the composite granules were also injection molded at 250 °C using the Xplore Micro 10cc Injection Molding Machine (Xplore Instruments, Geleen, The Netherlands) into test samples with a disk shape diameter of 25.4 mm, a 1 mm thickness, and a “dogbone” shape with size in accordance with ASTM D638.




2.3. Characterization


2.3.1. Rheological Measurements


Oscillatory shear measurements and stress relaxation in the linear viscoelastic (LVE) region were carried out on an Anton Paar oscillation rheometer (Model: Physica MCR 302, Anton Paar GmbH, Graz, Austria) using a parallel plate geometry (diameter = 25 mm, gap = 1 mm) at 200 °C on samples previously compression molded into a disk shape. Frequency sweeps were performed after approximately 3 min of temperature equilibration with decreasing frequency from 100 to 0.1 rad/s and strains at 1%. According to Kasaliwal et al. [44], it was observed that increasing the matrix molecular weight produced larger undispersed agglomerates. Thus, different residence times were tested to lower the molecular weight of PP, which was evaluated using the stress relaxation spectrum. The conversion of the stress relaxation spectrum to MWD was performed using RheoCompassTM software (v1.30.1064, Anton Paar GmbH, Graz, Austria). Specifically, it used one of the modulus models, which can be expressed in terms of the relaxation modulus G(t). This model converts the relaxation spectrum from the time domain to the molecular weight domain to recover the MWD curve using a regularized integral inversion, as shown in Equation (2).


    G  ( t )     G N 0    =    (     ∫  ln  (   M e   )   ∞    F   1 / β     (  t , M  )  w  ( M )  d  (  ln M  )      )   β   



(2)




where    G N 0    is the plateau modulus to normalize G(t), F(t,M) is a kernel function describing the relaxation behavior of molecular weight M, and w(M) is the weight fraction of the MWD function. The exponent β is a parameter that corresponds to the mixing behavior of the chains. Me is the average molecular weight between entanglements. Based on material and calculation parameters incorporated in the software, kernel functions β and Me of PP were single exponentials, 2.5 and 3500 g/mol, respectively.




2.3.2. Morphological Measurements


The state of the macrodispersion of the compression-molded sample was analyzed by optical microscopy. Light transmission microscopy (Model: KYENCE VK-X200K, KEYENCE, Itasca, IL, USA) was performed using a 10× objective magnification and an optical laser with a 408 nm violet laser. Particle analysis using the incorporated software developed by KYENCE was performed in order to quantify the area fraction AA of undispersed primary SWNT agglomerates according to Equation (3) [1].


   A A  ( % ) =    A  C N T      A 0    × 100  



(3)




where ACNT is the area of primary SWNT agglomerates, and A0 is the overall micrograph area. According to ISO 18553, agglomerates with diameters smaller than 5 µm were neglected. In order to increase the analyzed size of the micrograph area, 3 different areas of each sample were captured.



Additionally, field emission scanning electron microscopy (Model: HITACHI-SU8020, Hitachi, Ltd., Tokyo, Japan) was used for the direct observation of PP/SWNT composites. Palletized composite granules were cryofractured after freezing in liquid nitrogen. A thin layer of carbon was sputter deposited onto the sample. Measurement was performed under high vacuum with an acceleration voltage of 2 kV.




2.3.3. Mechanical Measurements


Dog-bone-shaped samples were injection molded (50 mm in length, 4 mm in width, and 2 mm in thickness) and were tested on an INSTRON 3367 (INSTRON, Norwood, MA, USA) equipped with a 1 kN cell force, measuring force over displacement for each sample at 10 mm/min. At least 3 samples were tested for each composite and tensile stress and strain at yield point obtained from the raw data. One-way ANOVA and Tukey’s honestly significant difference (HSD) test were performed to conduct the multiple comparisons of each experimental data set (α = 0.05) with R software (version 3.0.2).




2.3.4. Electrical Measurements


In-plane electrical conductivity measurements were made on compression-molded square plates in accordance with ASTM D4496-13. At least 10 measurements were made on samples to obtain the geometric mean value with the associated standard deviation of resistivity. The AiT resistivity measurement system (Model: CMT-SR1000N, Advanced Instrument Technology, Suwon, Korea), equipped with a 4-point probe with a sheet resistance measurement range between 1 m Ω/square and 2 M Ω/square and pin spacing of 20–50 mm, was used. The statistical percolation theory predicts the relationship between the electrical resistivity of the composite and the filler concentration using Equation (4) [45]:


  σ =  σ 0  ⋅    (  Φ −  Φ C   )   t   



(4)




where  σ  is the composite volume resistivity,    σ 0    is the volume resistivity of the filler, and  Φ ,    Φ C   , and t are the fraction of filler, percolation threshold, and critical exponent, respectively. The critical exponent t is expected to depend on the system dimensionality with calculated values of t ≈ 1.33 in two and t ≈ 2 in three dimensions [46,47]. By fitting the experimental results in the linear regression of log  σ  and log    (  Φ −  Φ C   )   , the percolation threshold and the critical exponent were calculated. In this study, the final critical exponent t was calculated as 2.05, representing the three dimensions of the SWNT percolation network.






3. Results and Discussion


3.1. Processing Properties


Figure 2 explains the specific mechanical energy applied during the melt mixing process to produce composite materials with different SWNT content. Due to the residue of SWNTs in the compounder, after TGA analysis, the final amount of SWNTs in the PP/SWNT nanocomposites was 0.29, 0.43, 0.62, 1.28, 2.94, 3.66, 4.29, 4.80, and 6.56 wt.%.



As the SWNT content increases in this composite system, the SME increases, possibly due to the dominance of nanotube–nanotube interactions, which may affect the dispersion of SWNTs in the composites. Adding more SWNTs results in higher shear stress for the composites during melt mixing. This trend can be also found in the rheological properties of the composites.




3.2. Rheological Properties of the Composites


As discussed earlier, polymers with a high molecular weight result in large agglomerates of composites. It is also known that a long residence time during the melt mixing process may cause a polymer backbone scission resulting in reduced molecular weight. As shown in Figure 3a, the molecular weight (MW) of PP decreased from a residence time to 10 min from 20 min. The weight-average MW, which is more sensitive to molecular size than the number-average MW, reached a low level at a residence time of 20 min, indicating a low polydispersity index. In other words, not only is the length of the molecule reduced, but it can also be evenly distributed at a residence time of 20 min. Thus, the polymer melt infiltration into the primary agglomerates can be enhanced with lower viscosity and molecular weight [42]. Figure 3b shows the storage and loss modulus of PP as a function of residence time at 200 °C.



At low frequencies, PP without SWNT loading exhibits typical homopolymer-like terminal behavior by full relaxation of the PP chain. PP chains have sufficient time to free themselves from the constraints of entanglement. However, when the nanotube loading reaches 0.29 wt.%, the terminal behavior becomes weak, and the dependence of    G ′    and    G  ″     on ω is limited. As shown in Figure 4a,    G ′    begins to show a plateau at low frequencies of 0.29 wt.% SWNT loading, which indicates a transition from liquid-like to solid-like viscoelastic behavior [48]. As the SWNT content increases in the composite,    G ′    at low frequencies is increased and becomes independent of frequency. This behavior can be explained by the formation of interconnected nanotube networks in the polymer. While the low frequency dependency of    G  ″     shows a similar trend, as shown in Figure 4b, the corresponding increase in the loss modulus    G  ″     is lower than the storage modulus    G ′   . According to Potschke et al. [49], this limited increase in the loss modulus as the SWNT content increases is due to the insensitivity of the interfacial energy or compatibility between the polymer and the SWNTs. Increasing the SWNT content also leads to an increase in the complex viscosity. From 0.29 wt.%, a transition from liquid-like to solid-like behavior appeared, which can be considered as the rheological percolation threshold, as supported by the van Gurp–Palmen plot (Figure 4d). As shown in Figure 4d, the curves approach a phase angle of 90° at 0 wt.%, indicating a viscous behavior, whereas from 0.29 wt.%, the rheological behavior changes from a viscous fluid to an elastic solid, indicating a percolation threshold [50].




3.3. Morphological Properties of the Composites


Images of macrodispersion, size distribution, and area ratio of undispersed SWNT agglomerates (AA) evaluated by light microscope for composites with varying amounts of SWNTs are described in Figure 5. When it comes to the dispersion of any nanofillers, there are two main mechanisms: erosion and rupture. The erosion mechanism is dominated under low shear stresses with long mixing times, whereas SWNT agglomerates undergo dispersion mainly by the rupture mechanism at high shear stresses. Generally, longer mixing times lead to better dispersion, but they may induce polymer degradation, resulting in reduced viscosity or deteriorated properties of the matrix or the SWNTs. On the other hand, high rotation speed for high shear stresses may cause undesired breakage of SWNTs, reducing the aspect ratio and leading to higher electrical percolation thresholds and higher resistivity values at a given nanotube concentration. Thus, it is important to balance the shear stresses and mixing times for an optimal erosion and rupture mechanism.



In Figure 5, all composites show that the total area of undispersed SWNT agglomerates is less than 3%, which may imply that both mechanisms of dispersion are applied during the method employed in this study. Due to the amount of SWNTs inserted, the already-dispersed nanotubes enhance the matrix viscosity, and thus, the shear stresses act on the remaining initial agglomerates, which is also shown in Figure 2. In other words, as the SWNT content increases, enough high shear stress is generated to rupture the primary agglomerates into smaller agglomerates of different sizes. Given a controlled mixing time of 20 min, an erosion mechanism may take place to erode the free tube, small fragments, and agglomerates from the surface of the larger agglomerates.



It is generally observed that in composites prepared with high loading of SWNT content of more than 1.28 wt.%, relatively large agglomerates (more than 200 µm) are presented. As expected, the number of large agglomerates decreases with decreasing SWNT content. The decrease in the number of agglomerates from the larger diameter classes may indicate that this method may be effective in rupturing the large agglomerates for composites up to approximately 1.28 wt.% SWNT content.



In order to observe the dispersion state of SWNTs in composites and their network formation, FE-SEM was used to examine the composites. FE-SEM images of the composites with the addition of 0.29 wt.%, 1.28 wt.%, and 6.56 wt.% SWNTs are shown in Figure 6. FE-SEM images of the remaining composites are illustrated in Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6. At low SWNT content (Figure 6a), most of the SWNTs are dispersed individually in the PP matrix, and some are formed as small aggregates. As confirmed from the results of the rheological property measurement, despite the small amount of SWNTs introduced, the dispersion state of SWNTs was good enough to transfer the mechanical momentum, resulting in a rheological percolation threshold at 0.29 wt.% SWNTs. As the SWNT content increases (Figure 6b), individual SWNTs gradually grow, and they start to form SWNT networks, resulting in small interparticle distances. Figure 6c illustrates the SEM image of the highest PP/SWNT composite in this study. At this high loading of SWNTs, the SWNT network dominates the properties of the PP/SWNT composite, leading to solid-like behavior at low frequencies of the rheological measurement in Figure 4.




3.4. Mechanical Properties of the Composites


Due to their enormous modulus and high aspect ratio, it is reasonable to expect that the incorporation of SWNTs into polymers will be effective for the reinforcement of polymers, i.e., mechanical properties. The nanometer dimension of the interfacial regions surrounding the SWNTs allows the applied load to be easily transferred from the matrix to the SWNTs.



It has been reported that the formation of large agglomerates as the nanotube content increases acts as a mechanical failure concentrator. Thus, tensile strength and modulus are increased with increasing nanotube content until a certain level, but these properties are decreased when the nanotube content reaches a level where large agglomerates begin to form [51,52]. However, as shown in the upper part of Figure 7, the tensile strength increases almost linearly as the SWNT content increases with the coefficient of determination (R2) of 0.9. Even though the morphological analysis (Figure 5) reveals that relatively large agglomerates are found when the SWNT content is more than 1.28 wt.%, it can be speculated that there are no agglomerates large enough to induce stress cracking with high loading of SWNTs in composites.



The Young’s modulus of the composites is described at the bottom of Figure 7. It continuously increases with increasing SWNT content, revealing the reinforcement effect of SWNTs.




3.5. Electrical Properties of the Composites


One of the main advantages of CNTs is their electrical conductivity, and thus, their inclusion into their PP matrix can construct conductive pathways and increase the electrical conductivity of PP. Electrically conductive polymers based on CNTs and PP have been widely studied [48,53,54,55,56,57]. Electrical percolation thresholds range widely from 0.07 to 2.62 wt.% depending on many factors, such as the processing method and type of CNT (SWNT or MWNT). At these electrical percolation thresholds, the electrical conductivity for PP/CNT composites varies from 10−8 to 10−2 S/m. Compared to this range, the electrical conductivity in this study shows a profound improvement indicating that better microstructure in the PP/SWNT composite can be achieved with the novel processing technology without any additional additives and chemical treatments of PP or SWNTs.



As visible in Figure 8, the results of the statistical percolation theory show that the electrical percolation threshold is 1.4 wt.% with the critical exponent t = 2.05. This result is in parallel with the analysis of the FE-SEM image (Figure 6b), where the 1.28 wt.% SWNT composite shows a well-grown SWNT network, resulting in efficient electron transport through the network. On the other hand, the weight fraction of the rheological percolation threshold (0.29 wt.%) is much lower than the electrical percolation threshold. This different behavior may come from the difference between charge transfer and mechanical momentum transfer. The electrical percolation threshold is mainly determined by the CNT network and the connecting contacts, while the rheological percolation threshold is predominantly related equally with the CNT network, the polymer matrix, and the CNT–polymer network [42].





4. Conclusions


This study discussed the mechanical, electrical, morphological, and rheological properties of SWNT/PP composites prepared by the melt mixing method with a controlled residence time of 20 min. The composites were produced with varying SWNT content, and thermal gravimetric analysis confirmed the SWNT content as 0.29, 0.43, 0.62, 1.28, 2.94, 3.66, 4.29, 4.80, and 6.56 wt.%.



In the rheological measurement, it was found that a residence time of 20 min showed the lowest number-average MW and a low weight-average MW, resulting in a low polydispersity index. Therefore, based on the knowledge that polymer melt infiltration is enhanced with low melt viscosity and molecular weight, a residence time of 20 min for PP was used in this study. The storage modulus began to plateau at low frequencies at 0.29 wt.% loading of SWNTs. As the SWNT content increased, the storage modulus also increased, indicating the formation of interconnected nanotube networks. Based on the van Gurp–Palmen plot, a weight fraction of 0.29 wt.% SWNTs showed the rheological percolation threshold.



Morphological properties were assessed by optical microscopy and FE-SEM. All composites had less than 3% of their total area containing undispersed SWNT agglomerates. Relatively large agglomerates greater than 200 µm were found for composites containing more than 1.28 wt.% SWNTs. Additionally, FE-SEM analysis revealed that individual SWNTs and their small agglomerates were found in the 0.29 wt.% SWNT composite. As SWNT content increased in the PP matrix, the SWNT network also increased, forming an efficient electrical percolation network at 1.28 wt.%.



Despite the large agglomerates found in the morphological measurement at high loading of the SWNT composite, tensile strength and Young’s modulus increased linearly with increasing SWNT content, which may imply that relatively large agglomerates were not enough to induce stress cracking.



The result of the statistical percolation theory revealed that the electrical percolation threshold was 1.4 wt.% with a critical exponent t of 2.05. Volume conductivity increased with increasing SWNT content in the composites.



In summary, due to the controlled residence time and excellent dispersion state, an improvement in the electrical conductivity of the SWNTs in the PP matrix was achieved with the novel melt mixing process without further modifications, such as compatibilizers or chemical treatment of CNTs. Rheological, morphological, and electrical measurements supported that an optimized dispersion and electrical percolation network of SWNTs was formed with around 1.28 wt.% SWNTs in PP. However, given the fact that SWNTs have better properties than MWNTs, an electrical percolation threshold of around 1.28 wt.% loading of SWNTs may not meet expectations. This may be because a possible filler breakage, reducing the aspect ratio of SWNTs, occurred during the melt mixing process with a residence time of 20 min. This breakage, however, may help to form an efficient electrical percolation network, generating high electrical conductivity. Further analysis of SWNT length reduction by the melt mixing process and its effects will be needed to confirm this statement.
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Appendix A


SEM images of varying amounts (0.43 wt.%, 0.62 wt.%, 2.94 wt.%, 3.66 wt.%, 4.29 wt.%, and 4.90 wt.%) of SWNT-incorporated composites are shown below.
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Figure A1. SEM image of the 0.43 wt.% SWNT/PP composite. 






Figure A1. SEM image of the 0.43 wt.% SWNT/PP composite.
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Figure A2. SEM image of the 0.62 wt.% SWNT/PP composite. 






Figure A2. SEM image of the 0.62 wt.% SWNT/PP composite.
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Figure A3. SEM image of the 2.94 wt.% SWNT/PP composite. 






Figure A3. SEM image of the 2.94 wt.% SWNT/PP composite.
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Figure A4. SEM image of the 3.66 wt.% SWNT/PP composite. 






Figure A4. SEM image of the 3.66 wt.% SWNT/PP composite.
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Figure A5. SEM image of the 4.29 wt.% SWNT/PP composite. 






Figure A5. SEM image of the 4.29 wt.% SWNT/PP composite.
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Figure A6. SEM image of the 4.90 wt.% SWNT/PP composite. 






Figure A6. SEM image of the 4.90 wt.% SWNT/PP composite.
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Figure 1. Schematic diagram of the sample preparation of the PP/SWNT composite for this study. 
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Figure 2. Specific mechanical energy applied to produce composites with different SWNT content. 
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Figure 3. (a) Number, weight-average molecular weight, and polydispersity index (PDI) of PP as a function of residence time; (b) storage modulus    G ′    and loss modulus    G  ″     of PP as a function of residence time at 200 °C. 
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Figure 4. (a) Storage modulus    G ′   , (b) loss modulus    G  ″    , and (c) complex viscosity  η  of the composites with frequency sweep as a function of SWNT content at 200 °C; (d) van Gurp–Palmen plot of the composites. 
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Figure 5. Size distribution of undispersed SWNT agglomerates observed in composites; SWNT content and total agglomerate area (AA) are described in each figure. (a) 6.56 wt.%; (b) 4.80 wt.%; (c) 4.29 wt.%; (d) 3.66 wt.%; (e) 2.94 wt.%; (f) 1.28 wt.%; (g) 0.62 wt.%; (h) 0.43 wt.%; (i) 0.29 wt.%. 
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Figure 6. SEM images of (a) 0.29 wt.%, (b) 1.28 wt.%, and (c) 6.56 wt.% SWNT in the composite. 
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Figure 7. Tensile strength (top) and Young’s modulus (bottom) of the composites as a function of SWNT content; different letters on the top or bottom of the error bar indicate a statistically significant difference at the 95% confidence level. 
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Figure 8. Electrical conductivity as a function of SWNT content. 
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