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Abstract

:

In this work, pyrolytically stripped carbon nanofiber (CNF) polypropylene (PP) composites were synthesized following a scalable melt-mixing method, and the effects of CNF weight concentrations on the electrical conductivity, dielectric permittivity, electrical modulus and electrical impedance of PP/CNF composites were studied. Quite unexpectedly, the electrical conductivity of PP/CNF composites improved only slightly as the incorporation of CNFs was raised, yielding a maximum of ~10−10 S m−1 for PP/CNF 5 wt. % composites. The increase corresponded to a gradual improvement of the dielectric constant up to a maximum of ~9 for PP/CNF 5 wt. % composites at 1 MHz, which was attributed to the raise of interface polarization effect. Moreover, the Cole–Cole model was used to analyze the effects of CNF concentrations on the dielectric relaxation of PP/CNF composites, from which was deduced that the incorporation of CNFs increases their dielectric strength and relaxation times. The analysis gathered here aims to provide a better insight into the enhanced dielectric properties observed in low-conducting polymer composites filled with CNFs.
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1. Introduction


Electrically conductive polymer composites (CPCs) based on insulating polymers have been studied with much interest during recent decades since they are utilized in a wide variety of applications including circuit boards, leakage current controllers, passive protection, electromagnetic interference (EMI) shielding, etc. [1,2,3,4,5]. In this respect, the increasing request for lightweight advanced materials in the car and aviation industries has guided specialists to use carbon materials as alternatives to metal fillers in the production of CPCs [6]. Due to their remarkable electrical conductivities (σ~104 S m−1), the vapor-grown carbon nanofibers (CNFs), produced by chemical vapor deposition (CVD) of catalyst nanoparticles under a mixture of gaseous hydrocarbons [7], constitute an attractive option among other carbon materials such as carbon black (CB), carbon nanotubes (CNTs), and graphene [8,9]. In particular, the vapor-grown carbon nanofibers manufactured by Applied Sciences, Inc. (Cedarville, OH, USA) since 1991 have been largely investigated in the production of CPCs [10]. More specifically, the CNFs provided by this company and labeled as Pyrograf®-III vary in their diameter (PR 24 < PR 19~PR 25) and grade (PS, LHT, or HHT), which defines the as-grown CNFs thermal post-treatment from lower to higher temperatures, respectively [11]. Morphologically, the Pyrograf®-III CNFs have tubular hollow cores surrounded by ordered inner stacked-cup and disordered outer layers, and lengths and diameters ranging from 50 to 100 µm, and 50 to 200 nm, respectively [12,13].



In developing CPCs, on the one hand, melt mixing is preferred to solution processing since the production in melt state permits obtaining large material volumes and prevents the need for using toxic solvents [14]. On the other hand, because polypropylene (PP) is one of the most widely used commodity thermoplastics with adequate physical properties at low cost [15], the production of CPCs based on CNFs and PP by melt-mixing has been the subject of extensive investigation [16,17]. Notably, the broad dispersion of electrical conductivity reported for all these melt-mixed PP/CNF composites shows that the root causes of their electrical properties are far from being completely resolved [18]. Moreover, despite intensive research on the production and further analysis of carbon-based CPCs with outstanding electrical conductivities [5], research on low-conducting carbon-based polymer composites with enhanced dielectric properties is still limited. In this regard, it is noted that CPCs must have high dielectric constants and low dielectric losses for electric charge storage applications [19]; therefore, this study is addressed within this framework. Specifically, previous work involving the improved dielectric permittivity of PP composites melt-mixed with different contents of pyrolytically stripped (PS) Pyrograf®-III carbon nanofibers [20] is revisited in this study. Currently, the effects of CNFs on the AC electrical conductivity and dielectric permittivity of PP/CNF composites are discussed under the electrical modulus formalism, from which the phenomenological Cole-Cole model is utilized. Furthermore, the AC impedance is analyzed with the aim of understanding better the physics governing the enhanced, quite stable dielectric constants, and low dielectric loses of this type of dielectric materials.




2. Materials and Methods


2.1. Materials


The constituent materials of all the studied polymer composites are PP powder Daplen™ EE002AE (Borealis AG, Vienna, Austria), and Pyrograf®-III PR 25 PS XT carbon nanofibers (ASI, Cedarville, OH, USA). PR 25 PS XT CNFs are produced by CVD at 1100 °C. They have average outer diameters between 125 and 150 nm and lengths of 50–100 µm over a graphitic tubular core. According to the manufacturer, the PS label means that the as-produced CNF has been pyrolytically stripped to remove polyaromatic hydrocarbons (PAH) from the surface. Moreover, the as-produced PR 25 PS XT CNFs are subjected to a debulked process (labeled as XT) to improve their dispersion within the polymer. Their average bulk densities range from 0.0192 to 0.0480 g/cm3 [20,21,22].




2.2. Polymer Composites Processing


PP/CNF composites were fabricated on a modular lab-scale intermeshing mini-co-rotating twin-screw extruder, with a screw diameter of 13 mm, a barrel length of 31 cm, and an approximate L/D ratio of 26, coupled to a cylindrical rod dye of approximate 2.85 mm of diameter. A well-documented description of the melt extrusion conditions has been previously published [23]. The extruded PP/CNF composites were pelletized and pressed into compression-molded specimens with the appropriate square-form geometries for AC electrical measurements. In this work, six different samples were prepared with weight % concentrations between 0 and 5 wt. % CNF.




2.3. Morphological and Structural Analysis


Morphological characterization and CNF dispersion of the PP/CNF composites were examined using a scanning electron microscope (SEM) (JSM-6400, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 20 kV. The samples were broken under cryogenic conditions and then sputter-coated with a thin layer of gold before testing. An analytical transmission electron microscope (TEM) (JEM-1010, JEOL Ltd., Tokyo, Japan) was used to observe the morphology of the CNF. CNFs were dispersed in isopropanol and a drop was placed in a grid for direct observation. Infrared measurements (FTIR) (IRAffinity-1S, Shimadzu, Kyoto, Japan) were performed at room temperature in transmission mode from 600 to 2000 cm−1. FTIR spectra were collected with 40 scans and a resolution of 4 cm−1. Raman spectroscopy measurements were carried out on a Confocal Raman Microscope (ALPHA300 R, WITec GmbH, Ulm, Germany) using a 532 nm laser for excitation in backscattering geometry. The laser beam, with P = 1.5 mW, was focused on the sample by ×50 lens (Zeiss, Jena, Germany), and the spectra were collected with 600 groove/mm grating using 10 acquisitions with 2 s acquisition time.




2.4. Electrical Measurements


Squared films of dimensions 0.5 × 10 × 10 mm3 with Au electrodes deposited in both sides by thermal evaporation method were prepared for the AC electrical analysis. The capacity  C  and dielectric losses   t a n   δ   of the produced films were measured using a Quadtech 1929 LCR precision meter (Maynard, WI, USA) at room temperature at frequencies between 200 Hz and 2 MHz with an applied signal of 0.5 V. The real    ε ′   ( ω )    and the imaginary    ε ″   ( ω )    parts of the complex dielectric permittivity    ε *   ( ω )    were calculated using the equations:


   ε ′   ( ω )  = C    ( ω )  ·  d   ε 0  A      



(1)






   ε ″   ( ω )  =  ε ′   ( ω )  t a n δ  ( ω )     



(2)







Here,   d   is the thickness,  A  is the surface area of the squared films (10 × 10 mm2),    ε 0    is the permittivity of vacuum (8.85 × 10−12 F m−1), and   ω = 2 π f   is the circular frequency.



The electrical complex modulus    M *   ( ω )    was calculated by:


   M *   ( ω )  =  1   ε *   ( ω )    =  M ′   ( ω )  + i  M ″   ( ω )   



(3)







Here,    M ′   ( ω )    and    M ″   ( ω )    are the real and imaginary parts of the electrical complex modulus, which can be expressed by using the complex dielectric permittivity [24]:


   M ′   ( ω )  =    ε ′   ( ω )     (    ε ′   2    ( ω )  +   ε ″   2    ( ω )   )     



(4)






   M ″   ( ω )  =    ε ″   ( ω )     (    ε ′   2    ( ω )  +   ε ″   2    ( ω )   )     



(5)







The complex impedance    Z *   ( ω )    was obtained from    ε *   ( ω )    using the following relations [25]:


   Z *   ( ω )  =  Z ′   ( ω )  + j  Z ″   ( ω )  = − i ω  C 0   ε *   ( ω )   



(6)






   Z ′   ( ω )  =  1  2 π f  C 0     [     ε ″   ( ω )     ε ′   ( ω )  +  ε ″   ( ω )     ]   



(7)






   Z ″   ( ω )  =  1  2 π f  C 0     [     ε ′   ( ω )     ε ′   ( ω )  +  ε ″   ( ω )     ]   



(8)







Here,    Z ′   ( ω )    and    Z ″   ( ω )    are the real and imaginary parts of    Z *   ( ω )   , and    C 0    is the capacitance of vacuum [26].





3. Results and Discussion


3.1. Morphological and Structural Analysis


The morphologies of both neat CNF and PP/CNF samples were characterized to understand the influence of CNF on the physical properties of filled PP composites. A representative TEM image of an individual CNF is shown in Figure 1a. A tubular core surrounded by two different structural layers can be seen. The inner layer is comprised of crystalline graphite basal planes stacked at a certain angle from the longitudinal axis of the nanofiber. This structure generated a CNF with exposed edge planes along the hollow core and the outer layer [22]. However, the graphene sheets in the outer layer were not as evident as in the inner layer. Overall, the total diameter was around 120 nm, whereas the surrounding layers showed a diameter of ~30 nm. The SEM of the 2 wt. % CNF filled PP/CNF composite shown in Figure 1b demonstrates that the CNFs have some tendency to agglomerate. At this point, it must be noted that the PR 25 PS XT CNFs used in this study have a lower aspect ratio than other Pyrograf®-III grades such as PR 24 LHT XT and PR 19 LHT XT, which would explain their worse dispersion [23].



Figure 2a presents the FTIR spectra at room temperature of neat PP and the polypropylene filled with 1, 3, and 5 wt. % CNFs, in the 600–2000 cm−1 range. The PP showed one band at 840 cm−1 assigned to CH2 rocking and C-CH3 stretching vibrations [27]. More bands were observable: at 973 cm−1, ascribed to CH3 rocking, CH2 wagging and CH bending vibrations; at 998 cm−1, imputed to CH bending and wagging vibrations and CH3 rocking vibration; at 1170 cm−1, assigned to CH2 twisting and CH wagging vibrations. Finally, between 1290 and 1500 cm−1, the PP showed the characteristic bands ascribed to the symmetric and asymmetric bending of CH3 [28]. The peaks previously ascribed to the PP remained unaffected in 1, 3, and 5 wt. % PP/CNF composites, though a reduction in the intensity of the peaks was detected as the CNF content increased in PP/CNF composites. Additionally, a decrease of transmittance between 600 and 800 cm−1, attributed to the CNF, was observed in all PP/CNF composites.



Figure 2b shows the Raman spectra obtained from PP and PP/CNF composites with 1, 3, and 5 wt. % CNFs, in the 600–2000 cm−1 range. Polypropylene showed rich Raman spectra with modes in the range 800–1500 cm−1 assigned to CHn vibrations [29,30]. Notably, the most intense modes of PP (dotted lines in Figure 2b) were clearly observable in PP/CNF 1 wt. % composites, along with the G-band at 1580 cm−1 belonging to CNFs, and characteristic of the ideal graphitic lattice vibration of carbon materials [31]. Moreover, peaks 1 and 2 of PP hide the disordered-induced D-band of CNFs at 1352 cm−1, observable when defects are present in the aromatic structure of carbon materials [32], in PP/CNF 1 wt. % composites. However, the D peak was present in PP/CNF 1 wt. % composites, as could be seen by the increased background signal of PP peaks 1 and 2. Interestingly, the peak at 1460 cm−1, corresponding to PP (numbered 3 in Figure 2b), showed practically the same intensity as the D and G bands in the PP/CNF 3 wt. % composite, and the D mode in this latter composite became more clearly seen, although with a slight presence of PP modes (enumerated as 1 and 2 in Figure 2b). Finally, only modes D and G corresponding to the CNFs were appreciable in the PP/CNF 5 wt. % composite. The Raman spectra was fitted with Lorentzian functions to obtain the peak position and respective full-width-half-maximum (FWHM) of modes. It must be noted that this fitting provided the intensity ratios among modes, which could not only be used to compare the same component in the polymer composite, but also to compare modes between the different components. The main parameters obtained are shown in Table 1. Thus, wG and wD were the mean maximum peak position of the G and D peaks (in cm−1), respectively. FWHMG and FWHMD were the full widths at half maximum of the G and D peaks (in cm−1), respectively, and ID and IG corresponded to the maximum intensity of the D and G peaks. In particular, the intensity ratios ID/IG of the CNF, and the intensity ratios between the G mode of CNF and the mode numbered as 2 of the PP (IG/IPP), are presented. Table 1 also shows the average graphitic size obtained according to La(nm) = 4.4/(ID/IG) [33]. The peak positions of G and D modes from CNFs were practically the same for all PP/CNF composites. The same happened with their respective FWHMG and FWHMD. However, the ID/IG of PP/CNF composites decreased clearly with the increased wt. % content of the CNF, indicating that their disorder became more pronounced as the CNF concentration increased [34]. Moreover, La increased with the increasing concentration of the CNFs, which can be explained by the enhancement of crystallinity in the PP/CNF composites [35]. As mentioned before, the presence of the PP modes decreased as the CNF content increased in the composites. This effect was clearly seen by the increase of the intensity ratio between the G mode from the CNFs and mode 2 of the PP (IG/IPP) in PP/CNF 1 wt. % and PP/CNF 3 wt. % composites, with this mode 2 becoming absent in the Raman spectra for PP/CNF 5 wt. %.




3.2. Electrical Analysis and Cole-Cole Modeling


The AC electrical conductivity σAC (ω) from 200 to 2 × 106 Hz and at room temperature for the PP/CNF composites is shown in Figure 3. At a first sight, σAC (ω) increased with the rise of the CNFs. Moreover, the σAC (ω) of the PP/CNF composites with up to 4 wt. % CNFs was linearly dependent over the entire frequency range, which can be associated with a nearly insulating character. In contrast, σAC (ω) was almost frequency independent for PP/CNF 5 wt. % composites in the low-frequency regime. This latter finding points to a slight transition towards higher levels of conductivity in PP/CNF composites filled with CNF content of 4 wt. % and 5 wt. %. However, the highest levels of conductivity achieved in PP/CNF 5 wt. % composites were always within the range of insulator materials [36]. Interestingly, these values were similar to the PP composites melt-extruded with a different grade of CNFs (PR 24 PS), produced by the same manufacturer (ASI, Cedarville, OH, USA), for which values of~10−10 S m−1 have been reported for PP filled with 5 wt. % of CNFs [37]. Notably, it must be recognized that epoxy composites prepared with the same type of CNFs (Pyrograf®-III PR 25 PS XT) used in this study achieved values of ~10−3 S m−1 for CNF content of 1 wt. % [22], and thereby the origins of the low values of σAC found here were not clear.



Figure 4 depicts the frequency dependence from 200 to 2 × 106 Hz of the dielectric permittivity of PP/CNF composites at room temperature. As Figure 4a shows, the    ε ′   ( ω )    of PP and PP/CNF 1 wt. % composites were similar and frequency independent over the entire frequency range. However, as the amount of CNFs increased in PP,    ε ′   ( ω )    became higher and frequency-dependent. There are different reasons to explain this    ε ′   ( ω )    enhancement. Of these, the Maxwell-Wagner-Sillars effect (MWS), defined as the charge accumulation produced at the conductor-insulator interface, is principally used in the literature to explain the noticeable increase of    ε ′   ( ω )    found at low frequencies in this type of polymer composite [38]. In particular,    ε ′   ( ω )    gradually changes from 2.4 for PP to 8.7 for PP/CNF 5 wt. % composites at 1 MHz. On the other hand, however, the    ε ″   ( ω )    depicted in Figure 4b is nearly frequency independent, with an increase from 0.005 for PP to 0.05 for PP/CNF 2 wt. % composites at 1 MHz. As expected from the σAC (ω) analysis, higher loadings of CNFs cause higher values of    ε ″   ( ω )   , and a change towards a frequency dependent behaviour [39]. This was reflected in an increase of the loss factor from 0.2 for PP/CNF 3 wt. % composites to 2.4 for PP/CNF 5 wt. % composites at 1 MHz.



The dielectric relaxation of PP/CNF composites with 2 wt. %, 3 wt. % and 4 wt. % of CNFs were analyzed in the framework of the Cole-Cole model [40]:


   ε *   ( ω )  =  ε ∞  +    ε s  −  ε ∞    1 +    (  i ω τ  )    1 − α      



(9)







Here,    ε ∞    is the relative permittivity at infinite frequency,    ε s    is the static relative permittivity at zero frequency,  τ  is the average relaxation time,  ω  is the angular frequency ( ω  = 2  π f  ), and  α  is the dispersion coefficient, which takes values in the range 0–1 [26]. Note that the absence of the Cole-Cole model analysis in the PP/CNF 1 wt. % and PP/CNF 5 wt. % samples was because no arc was found when  ε ″ was represented as a function of  ε ′ in the range of the frequencies tested in this study. As is shown in Figure 5, the three PP/CNF composites showed different curves. Thus, PP/CNF 2 wt. % composites showed the lowest relaxation corresponding to the semicircle with the smallest radius, while PP/CNF 4 wt. % composites showed the highest relaxation. In particular, PP/CNF composites with 3 wt. % and 4 wt. % of CNFs showed a straight line for low frequencies, which can be related to some conductance relaxation [41], although it has also been related to evidence of surface plasmons [42]. In general, the relaxation phenomenon observed in the three PP/CNF composites resulted from the polarization caused by the MWS in the interface between the PP and the CNFs, which increased as the content of the CNFs increased in the PP/CNF composites. As is seen in Figure 5, the Cole-Cole model presented a very good adjustment of the experimental values (Table 2). As expected, the dielectric strength represented by the values of (   ε s  −  ε ∞   ) increased with CNF concentration [43]. The calculated  α  was close to 0 for the three PP/CNF composites, pointing to a limited dispersion of their respective relaxation times. In addition, the relaxation times of the polarization caused by the MWS in PP/CNF composites were between 0.2 and 0.8 μs. In this regard, it must be noted that the shorter the relaxation times are, the higher is the stability of the dielectric permittivity [44].




3.3. Electrical Analysis and Cole-Cole Modeling by the Modulus Formalism


The electrical modulus formalism was used to provide additional information on the dielectric permittivity of the PP/CNF composites. As is noted in Figure 6a, a decrease of    M ′   ( ω )    was observed as the content of CNFs increased in the PP. This decrease was related to the enhanced dielectric permittivity observed in Figure 4. It can also be seen that    M ′   ( ω )    is almost linear in the whole range of frequencies for PP and PP/CNF 1 wt. % composite. In contrast PP/CNF composites with 2 wt. %, 3 wt. % and 4 wt. % CNFs showed two different behaviors at low and high frequencies. At low frequencies,    M ′   ( ω )    showed frequency-dependent straight lines that increased slightly with the increase of the frequency, whereas at high frequencies    M ′   ( ω )    approached a maximum. At low frequencies, the    M ′   ( ω )    found for these PP/CNF composites was attributed to the increase of interfacial polarization caused by the higher content of CNFs [45]. Notably, the existence of a step-wise increase in    M ′   ( ω )    from low to high values of frequency in those PP/CNF 2, 3, and 4 wt. % composites implies a relaxation process, which was confirmed by the pronounced peaks observed in    M ″   ( ω )    in the range 104–106 Hz (Figure 6b). These relaxation processes are again connected with the interfacial polarization [46]. Interestingly, the PP/CNF 5 wt. % composite did not show any relaxation in    M ′   ( ω )    and    M ″   ( ω )    plots, which could be related to ohmic conduction losses that hinder the relaxation process due to interfacial polarization [47].



Figure 7 shows the Nyquist diagrams of PP/CNF composites with an exception for the PP/CNF 1 wt. % samples due to their insulating character. It is worth mentioning that the dash-dot curves seen in Figure 7 are fitted by the Cole–Cole model [48]:


   M *   ( ω )  =  M ∞  +    M s  −  M ∞    1 +    (  i ω τ  )    1 − α          



(10)







Here    M ∞    is the modulus at high frequency,    M s    is the static modulus,  ω  is the angular frequency, whereas  τ  and  α  can be defined exactly as in Equation (9). As is shown in Table 3, the constants   (  M s  −  M ∞  )  ,  τ  and  α  obtained for PP/CNF composites with CNF contents 2, 3, and 4 wt. % were different from the parameters obtained for PP/CNF 5 wt. % composite. Particularly,   (  M s  −  M ∞  )   values increased with the rise of CNF concentration for PP/CNF composites with CNF content from 2 to 4 wt. %, which corresponded to the increased dielectric strength discussed in the former section. In this regard, ternary polyester composites filled with CNTs and graphite showed similar increases of   (  M s  −  M ∞  )   with an increase in the filler content [49]. Moreover, the values of  α  close to 0 (in the range 0.02–0.04) obtained for those PP/CNF composites, confirmed dielectric relaxations with almost single relaxation times, which is in good agreement with other investigations [50,51]. Figure 7, similarly to Figure 5 in the previous section, shows that the PP/CNF 2 wt. % composite presents the semicircle with the smallest radius corresponding to the lowest relaxation, while a PP/CNF 4 wt. % composite presents the semicircle with the highest radius, and therefore the highest relaxation process. In contrast, the PP/CNF 5 wt. % composite exhibits a semicircle located at the low-frequency region (left side of Figure 7). In this latter case, the displacement of the semicircle towards the origin was attributed to the increase of τ with the larger heterogeneity of the system [52]. Moreover, the PP/CNF 5 wt. % composite showed a straight line at high frequency (inset of Figure 7), which could be related to the conductance relaxation caused by its higher levels of conductivity.




3.4. Electrical Impedance Analysis


The electrical impedance analysis as a function of frequency for all the PP/CNF composites is presented in Figure 8. Overall, the impedance modulus (   | Z |  )   of the PP/CNF composites with CNF content from 1 wt. % to 4 wt. % (Figure 8a) exhibited a high capacitive behavior typically observed in insulating materials (   | Z |    ~   1 / ω  ) [53]. On the contrary, at a certain critical frequency, the impedance modulus of PP/CNF 5 wt. % composite became practically constant, whereas its impedance phase angle ( Φ ) approached −90° and 0° at the high and low-frequency regions, respectively (Figure 8b). The    | Z |    and  Φ  observed at lower frequencies in PP/CNF 5 wt. % composite can be related to the tunneling and hopping of electrons [54]. Whereas at higher frequencies, the    | Z |    and  Φ  observed can be related to the formation of capacitor networks [39]. Thereby, the combination of both effects contributed to the impedance of the PP/CNF 5 wt. % composite. Finally, the Nyquist diagram of all the PP/CNF composites (Figure 8c) is represented in order to better understand Figure 8a,b. As was expected, a capacitive response was observed for the PP/CNF composites with CNF concentrations from 1 wt. % to 4 wt. %, which means that the insulating properties of polypropylene dominated in these PP/CNF composites. However, PP/CNF 5 wt. % composite showed a semi-circular response, which confirmed its higher conductivity.





4. Conclusions


Different weight contents of pyrolytically stripped carbon nanofiber, produced by chemical vapor deposition, were melt-extruded with polypropylene. The electrical conductivity of the PP/CNF composites achieved values of ~10−10 S m−1 for PP/CNF 5 wt. % composites, which place them within the range of insulator materials. Nevertheless, these low values of conductivity corresponded to a remarkable improvement of their dielectric constants with low dielectric losses due to the interfacial polarization between the polymer and CNFs. This significant enhancement of the dielectric properties was examined using the Cole–Cole model, from which was deduced that the incorporation of CNFs increases the dielectric strength and relaxation times of these PP/CNF composites. Finally, the complex impedance and Nyquist plots were also analyzed in order to complete this study, which aimed to contribute to the limited research studying the enhanced dielectric properties of low-conducting polymer composites filled with CNFs.
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Figure 1. Pyrolytically stripped Pyrograf®-III PR 25 PS XT carbon nanofiber and melt-mixed PP/CNF composites. TEM micrograph of CNF (a) and SEM micrograph of PP/CNF 2 wt. % composites (b). 
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Figure 2. Structural analysis of PP and PP/CNF composites. FTIR (a) and Raman spectra (b) of PP and PP/CNF composites (the short dot line is to guide the eyes). 
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Figure 3. AC electrical conductivity of PP/CNF composites as a function of frequency (the dash-dot lines are to guide the eyes). 
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Figure 4. Dependence on frequency of dielectric permittivity in PP/CNF composites. Real    ε ′   ( ω )     (a), and imaginary    ε ″   ( ω )      (b) parts of complex dielectric permittivity (the dash-dot lines are to guide the eyes). Reprinted with permission from Ref. [20]. Copyright 2017, Elsevier. 
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Figure 5. Cole–Cole plots for PP/CNF composites with three wt. % concentrations of CNFs (the dash-dot curves represent the fitting of the Cole-Cole model using Equation (9)). 






Figure 5. Cole–Cole plots for PP/CNF composites with three wt. % concentrations of CNFs (the dash-dot curves represent the fitting of the Cole-Cole model using Equation (9)).



[image: Jcs 06 00368 g005]







[image: Jcs 06 00368 g006 550] 





Figure 6. Dependence on frequency of complex electric modulus in PP/CNF composites. Real    M ′   ( ω )     (a) and imaginary    M ″   ( ω )      (b) parts of complex electric modulus (the dash-dot lines are to guide the eyes). 
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Figure 7. Nyquist plots of complex electric modulus    M *   ( ω )    for PP/CNF composites (the dash-dot curves represent the Cole-Cole model with Equation (10)). 
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Figure 8. Dependence on frequency of electrical impedance in PP/CNF composites. Modulus    | Z |    of PP/CNF composites (a) Bode plot of PP/CNF 5 wt. % composite (b) Nyquist plots of PP/CNF composites (c). 
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Table 1. wG and wD modes and corresponding to FWHMG and FWHMD, ID/IG, IG/IPP, and La of PP/CNF composites with 1, 3, and 5 wt. % of CNFs.
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	Sample
	wG (cm−1)
	FWHMG (cm−1)
	wD (cm−1)
	FWHMD (cm−1)
	ID/IG
	IG/IPP
	La (nm)





	PP/CNF 1 wt. %
	1585
	90
	1347
	105
	0.95
	2.3
	4.6



	PP/CNF 3 wt. %
	1585
	100
	1345
	105
	0.80
	6.9
	5.5



	PP/CNF 5 wt. %
	1584
	95
	1345
	110
	0.72
	-
	6.1
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Table 2. Parameters   τ  , (εs − ε∞) and   α   of PP/CNF composites extracted by the Cole–Cole model using Equation (9).
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	Sample
	τ (ms)
	(εs − ε∞)
	α





	PP/CNF 2 wt. %
	0.795
	1.20
	0.05



	PP/CNF 3 wt. %
	0.171
	3.30
	0.06



	PP/CNF 4 wt. %
	0.369
	6.60
	0.02
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Table 3. Parameters   τ  ,   (  M s  −  M ∞  )   and  α  of PP/CNF composites extracted by the Cole–Cole model using Equation (10).






Table 3. Parameters   τ  ,   (  M s  −  M ∞  )   and  α  of PP/CNF composites extracted by the Cole–Cole model using Equation (10).





	Sample
	τ (ms)
	(Ms − M∞)
	α





	PP/CNF 2 wt. %
	0.795
	0.072
	0.04



	PP/CNF 3 wt. %
	0.171
	0.211
	0.03



	PP/CNF 4 wt. %
	0.369
	0.405
	0.02



	PP/CNF 5 wt. %
	796
	0.119
	0.09
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