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Abstract

:

Polypropylene/graphite intercalation compound (PP/GIC) composites are prepared via melt mixing at three different temperatures (180, 200, and 220 °C). The dispersion of GICs in the composites is clearly improved due to the increased interlamellar spacing caused by in situ expansion of GICs at higher temperatures, which facilitates the intercalation of PP molecular chains into the GIC galleries. As a result, the PP/GIC composite with 10 wt% GICs prepared at 220 °C (PG220) presents a dielectric constant of about 1.3 × 108 at 103 Hz, which is about six orders higher than that of the composite prepared at 180 °C (PG180). Moreover, the thermal conductivity of the PG220 sample (0.63 Wm−1K−1) is 61.5% higher than that of the PG180 sample. The well-dispersed GICs accelerates the crystallization of PP by increasing the nucleation point and enhances the thermal stability of the composites. The PG220 sample shows a Young’s modulus that is about 21.2% higher than that of the PG180 samples. The results provide an efficient approach for fabricating polymer/GIC composites without complex exfoliation and dispersion processes.
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1. Introduction


Polymer/conductive filler composites present great application prospects in fields such as electronics, electrical energy conversion, and storage materials due to their light weight and good processability [1,2,3]. Generally, most polymers struggle to meet application demands due to their absence of satisfactory electrical, thermal, and mechanical properties. Therefore, introducing functional carbon fillers, such as expanded graphite (EG) [4,5,6,7], graphene [8,9,10,11], and carbon nanotube [12,13,14,15], is proposed to develop materials with advanced properties. Recently, EG prepared from graphite intercalation compounds (GICs) via rapid heating has been widely selected as a candidate for electrical, thermal, and mechanical properties improvements due to its low cost and high electrical and thermal conductivities. In order to significantly improve the properties of the composites, good dispersion of the EG must be achieved [16]. However, it is difficult to exfoliate and disperse EG in polymer matrices due to the van der Waals force between graphite layers.



In situ polymerization and solution mixing are commonly used methods of dispersing EG in polymer matrices. Chen et al. [17] dispersed non-covalent functionalized EG in poly(methyl methacrylate) via in situ polymerization. The EG is well-dispersed and the composite exhibits a low percolation threshold of 0.31 vol%. Yu et al. [18] reported that dispersing EG into epoxy by bath sonication for 24 h could significantly improve the dispersion state of EG in epoxy matrix and increase the thermal conductivity of the composite up to 6.44 Wm−1K−1 at an EG content of 25 vol%. Melt mixing is deemed to be an environmentally friendly method for polymer/EG composite preparation [19,20], which avoids the use of organic chemical solutions. However, large EG aggregates tend to be formed in polymer matrices during melt mixing, which can seriously compromise the performances of the composites. Pretreatment of EG is usually required to improve its dispersion state in polymer matrices. Fu et al. [6] prepared poly(vinylidene fluoride) (PVDF)/EG composites with a good dispersion state by pretreating EG via ball milling before melt mixing. As a result, the EG was well exfoliated and dispersed in the PVDF matrix, leading to significantly improved thermal conductivity of the composites. Ultrasound-assisted processing was also used to improve the dispersion of EG in the polymer matrix during melt extrusion. Yang et al. [21] prepared polyamide 6/EG composites via preliminarily exfoliating EG and melt extrusion with ultrasound-assisted mixing. The dispersion of EG in the composites was clearly improved, which led to significantly enhanced mechanical property of the composites. However, the introduction of a pretreatment led to a complex process for composite preparation.



In the authors’ previous work [22,23], PVDF/EG composites were prepared by melt mixing PVDF and EG with water injection. The dispersion of EG in the PVDF matrix was notably improved. As a result, the electrical and thermal conductivities of the composites were enhanced. As EG is prepared by expanding original graphite intercalation compounds (GICs) in a muffle furnace at 600 °C, it exhibits a large, expanded volume, which is not conducive to feeding the EG into the extruder. Generally, GICs can be expanded up to dozens of times at a volume above 200 °C. Thus, GICs can be directly added to polymers by melt mixing. It is expected that the in situ thermal expansion of GICs would be in favor of the intercalation of polymer molecular chains into the layers of GICs during melt mixing. Polypropylene (PP), one of the most common polyolefins due to its low cost, recyclability, and good processability, was chosen in this work. Three different processing temperatures were implemented to investigate the effect of processing temperatures on the exfoliation and dispersion of GICs in the PP matrix and then on the dielectric, thermal, and mechanical properties of the PP/GIC composites.




2. Materials and Methods


2.1. Materials


PP resin (T30S, melt index: 3.0 g/10 min (2.16 kg/230 °C)) and graphite intercalation compounds (GICs, Nanjing XFNANO Materials Tech Co. Ltd., Nanjing, China) with a particle size of about 300 µm and initial expansion temperature of 200 °C were used as received.




2.2. Preparation of PP/GIC Composites


The PP/GIC composites were fabricated by melt mixing in an internal mixer (HTK-300, Hartek Tech Co. Ltd., Guangzhou, China). The PP pellets were dried at 80 °C for 4 h prior to melt mixing. The PP pellets were fed into the internal mixer and mixed with a rotor speed of 100 rpm for 10 min. After the PP pellets were fully molten, the GIC powder was added into the mixer. The PP/GIC composites were prepared at three different temperatures (180, 200, and 220 °C) with a weight ratio of 90:10. The as-prepared composites were denoted as PGt, where t represents the mixing temperature of the composites. The PP samples were also prepared for comparison at 180 °C with a rotor speed of 100 rpm. Then, the as-prepared samples were compression molded into sheets at a temperature of 180 °C for characterization.




2.3. Characterization


Scanning electron microscopy (SEM; EM-30N, Coxem, Daejeon, Korea) was used to characterize the microstructure of the PP/GIC composites. The molded sheets were cryofractured in liquid nitrogen to obtain specimens for characterization. All of the specimens were gold-sputtered and tested at an accelerating voltage of 15 kV.



Wide-angle X-ray diffraction (WAXD) measurements were carried out on an X-ray diffractometer (Mini Flex 600, Rigaku, Tokyo, Japan) at a scanning rate of 2°/min and a scanning step of 0.01°. The specimens with a size of 10 × 10 × 1 mm3 were tested at 2θ angle of 2–40°.



Dielectric property tests were performed on a dielectric analyzer (Agilent 4294A, Santa Clara, CA, USA). The specimens with a diameter of 25 mm and a thickness of 1 mm were cut from the molded sheets and tested in the frequency range 40–105 Hz and at an operating AC voltage of 1 V.



A thermal constant analyzer (LW 9389, LonGwin, Hong Kong, China) was employed to measure the thermal conductivity of the prepared samples at 30 °C. Three specimens with a diameter of 25 mm and thickness of 1 mm were measured for each sample.



Crystallization and melting behaviors of the neat PP and PP/GIC composite samples were studied by using a differential scanning calorimeter (DSC; Netzsch 200F3, Selb, Germany). In order to erase any thermal history, the specimens were first heated to 190 °C at a rate of 10 °C/min and kept for 5 min. Then, the specimens were cooled to 30 °C and heated to 190 °C at a rate of 10 °C/min. Crystallinities (Xcs) of the PP in the prepared samples were calculated by Equation (1) as below:


   X c  =   ∆  H m    ∆  H m 0   × ω     × 100 %   



(1)




where ΔHm, Δ  H m 0  , and ω are melting enthalpy, melting enthalpy of 100% crystalline PP, and the weight fraction of the PP in the prepared samples, respectively. The value of Δ  H m 0   for the PP is 207 J/g [24].



A thermogravimetric analyzer (TGA; STA449C; Netzsch, Selb, Germany) was used to perform thermogravimetric analyses. Specimens were heated from room temperature to 600 °C at a heating rate of 10 °C/min under nitrogen atmosphere.



Tensile tests were performed by using a universal material testing machine (Instron 5566, Norwood, MA, USA) with a strain rate of 10 mm/min at room temperature. Five dumbbell-shaped specimens were measured for each sample.





3. Results and Discussion


3.1. Exfoliation and Dispersion of GICs


The SEM micrographs of the PP/GIC composite samples are illustrated in Figure 1. As can be seen in Figure 1a,b, some large GIC tactoids (marked by red dotted arrows) are presented in the PP matrix for the PG180 sample. With the increase in processing temperature, the size of the tactoids in the matrix becomes much smaller. Notably, for the PG220 sample (Figure 1e,f), the GICs are well exfoliated (as marked by the pink arrows) and dispersed in the PP matrix.



Figure 2 presents WAXD patterns of the GICs and PP/GIC composite samples. For the PP/GIC composite samples, four characteristic peaks appear at 2θ = 13.9°, 16.7°, 18.3°, and 21.6°, which correspond to the (110), (040), (130), and (041) reflections of the α-phase, respectively. The characteristic peaks appearing at 2θ= 15.9° and 20.9° correspond to (300) and (301) reflections of the β-phase [25], respectively. Moreover, the GIC characteristic peak appears at about 2θ = 26.5° in all the prepared PP/GIC composites, and the intensity of the GIC characteristic peak in the composites decreases with the increase in processing temperature. Previous research [26,27] has shown that composites with well-exfoliated fillers present lower filler characteristic peak intensity in their spectrograms. The decrease in the GIC characteristic peak intensity in this work means that the GICs in the composites fabricated at a higher processing temperature possess a better exfoliation state.




3.2. Mechanism for GIC Intercalation and Exfoliation during Melt Mixing


Figure 3 shows the mechanism of GIC exfoliation and dispersion in the PP matrix during the preparation of PP/GIC composites. The initial expansion temperature of the GICs used in this work is about 200 °C. For the PG180 composite, the GICs are not expandable at 180 °C. It is difficult for the PP molecular chain to intercalate into the GIC galleries. For the PG200 composite, the oxidized groups, such as acetic acid, nitric acid, and hydrogen peroxide, in the GICs decompose and release quantities of gases (mainly carbon dioxide and water vapor) with high pressure during melt mixing, which can expand GICs and increase their interlamellar spacing [28]. As a result, the GICs can be intercalated by the PP molecular chains easily and then exfoliated under the rotor shear. For the PG220 composite, the expansion ratio of the GICs further increases due to the higher processing temperature. Moreover, the mobility of the PP molecular chains can be enhanced due to the lower melt viscosity under the higher temperature, which may facilitate the intercalation of the PP molecular chains into the GIC galleries. Therefore, the PG220 sample exhibits better exfoliation and dispersion in the PP matrix.




3.3. Dielectric Properties


The dielectric properties of the neat PP and PP/GIC samples were characterized at room temperature, and the results are illustrated in Figure 4. As displayed in Figure 4a, the neat PP sample shows a low dielectric constant over the entire test frequency range. For the PG180 sample, the dielectric constant significantly increases due to the addition of conductive GICs. With the increase in processing temperature, the dielectric constant of the PP/GIC composites further increases. Notably, the PG220 sample exhibits a dramatically improved dielectric constant over the entire test frequency range. Generally, the increase in the dielectric constant of polymer/conductive filler composites can be mainly ascribed to the interfacial polarization [29,30] and microcapacitor principle [31,32]. According to the Maxwell-Wagner-Sillars (MWS) mechanism [33,34], the GICs dispersed in the PP matrix can increase the interfacial polarization due to the large difference in dielectric constant between the GICs and PP matrix. With the increase in processing temperature, the dispersion of the GICs is clearly improved, which provides an extended surface that can be used to reinforce the MWS effect. Moreover, the spacing between the adjacent GICs in the PP matrix can be apparently reduced due to the improved exfoliation and dispersion of GICs, which can contribute significantly to the increase in the dielectric constant by forming a microcapacitor with GICs as electrodes and a very thin PP layer in between as dielectric. Notably, the dielectric constant of the PG220 sample at 103 Hz is 1.3 × 108, which is about six and five orders higher than that of the PG180 and PG200 samples, respectively. Simultaneously, the PP/GIC composites with a high dielectric constant are also accompanied by large dielectric loss. As can be seen in Figure 4b, the PG220 sample presents a dielectric loss of about 2000 at 103 Hz, which is much higher than that of the other samples.




3.4. Thermal Properties


Figure 5 shows the thermal conductivity of the neat PP and PP/GIC composite samples. The neat PP sample exhibits a low thermal conductivity of about 0.20 Wm−1K−1. With the addition of 10 wt% GICs, the thermal conductivity increases to 0.39 Wm−1K−1 for the PP/GIC composite prepared at 180 °C. With the increase in processing temperature, the thermal conductivities of the PG200 and PG220 samples increase to 0.49 and 0.63 Wm−1K−1, respectively. Generally, the thermal conductivity of the polymeric composites is mainly dependent on the content of thermal conductive fillers. Composites with a higher filler volume fraction usually possess higher thermal conductivity. In this work, all the composites were prepared with a GIC content of 10 wt%. The PG220 sample exhibits a thermal conductivity that is 61.5% and 28.6% higher than that of the PG180 and PG200 samples, respectively. This is mainly ascribed to the fact that the well-dispersed GICs largely improve the phonon transport in the PG220 sample due to the reduced mean spacing between the adjacent GICs.



DSC cooling and heating curves for the neat PP and PP/GIC composite samples are illustrated in Figure 6. As shown in Figure 6a, the neat PP sample exhibits a crystallization peak at 115.1 °C. With the addition of GICs, the crystallization peak temperature (Tc) of the PP increases to 123.1 °C. This may be due to the fact that the GICs dispersed in the PP matrix can act as seeds for heterogeneous nucleation, which would accelerate the crystallization of PP. With the increase in processing temperature, the Tc of the composites further increases. Notably, PG220 presents the highest Tc of 126.1 °C. This implies that the GICs with better exfoliation and dispersion can further accelerate the crystallization of PP due to the increased nucleation point.



As illustrated in Figure 6b, the neat PP sample shows a melting peak at around 164.0 °C and exhibits a wide melting limit, which can be ascribed to the different integrity of the formed PP crystal. With the addition of GICs, especially with better exfoliation and dispersion state, the PP/GIC composite samples show narrowed melting limits and exhibit higher melting peak temperature (Tms) than that of the neat PP sample, which can be attributed to the formation of more uniform crystals in the composites induced by the GICs. The Xcs of the neat PP and PP/GIC composite samples are calculated by Equation (1) and listed in Table 1. The neat PP sample shows an Xc of about 51.6%. For the PG180 sample, the addition of GICs clearly promotes the crystallization of the PP and increases the Xc to about 61.2%. With the increase in processing temperature, the Xc of the composites decreases gradually, which can be attributed to well-dispersed GICs with the high aspect ratio suppressing the growth of PP crystals in the composite samples by obstructing the mobility of the PP molecular chains.



The thermal stability of the neat PP and PP/GIC composite samples were evaluated using the TGA, and the results are illustrated in Figure 7. The thermal stability of the PP is effectively improved with the addition of GICs due to the “labyrinth effect” [35,36,37] caused by the GICs with a large specific surface area, which can absorb flammable organic volatiles or hinder their release and diffusion. With the increase in processing temperature, the thermal stability of the composites is continuously improved by the enhanced “labyrinth effect” due to the improved exfoliation and dispersion of GICs in the PP matrix, which leads to an increased, specific surface area. As can be seen in Figure 7b, the PG220 sample presents the highest temperature of about 364.5 °C for the maximum decomposition rate, which is 3.5 °C higher than that of the neat PP sample.




3.5. Tensile Properties


The representative stress–strain curves of the PP and PP/GIC composites are shown in Figure 8a. It can be clearly observed that the PP/GIC composites show lower tensile strengths and elongations at break than those of the neat PP. The Young’s modulus, tensile strength, and elongation at break of all samples are obtained from the stress–strain curves, and the results are illustrated in Figure 8b-d along with their standard deviations. As can be seen in Figure 8b, the neat PP shows a Young’s modulus of about 635.7 MPa. With the addition of GICs, the Young’s modulus clearly increases due to the high intrinsic modulus of the stiff GICs [38]. The Young’s modulus of the composites is enhanced with the increase in processing temperature. The PG220 sample exhibits the highest Young’s modulus of about 958.2 MPa, which is 50.7%, 21.2%, and 10.0% higher than that of the neat PP, PG180, and PG200 samples, respectively. This can be attributed to the improved GIC dispersion in the PP matrix. Similarly, polymer composites with well-dispersed, stiff filler exhibit a higher Young’s modulus for PP reinforced with exfoliated graphite nanoplatelets [39].



As illustrated in Figure 8c, the tensile strength and elongation at the break of the neat PP are about 33.2 MPa and 19.8%, respectively. With the addition of GICs, the tensile strength of the composites decreases slightly with the increase in processing temperature. The tensile strength of the PG220 sample decreases to about 24.2 MPa. This can be ascribed to the poor interfacial adhesion between the PP and the GICs due to the poor wettability of GICs by the PP, which impedes the effective stress transfer across the PP matrix-GIC interface [25]. Then, the GICs dispersed in the PP matrix form stress concentration points leading to stress or catastrophic failure. Moreover, the elongation at break notably decreases, especially for the composites prepared at a higher temperature. The elongation at break of the PG220 sample decreases substantially to about 5.5%.





4. Conclusions


The dispersion of GICs is notably improved by the increase in processing temperature. The GICs can be intercalated by the PP molecular chains easily due to the increased interlamellar spacing due to the in situ expansion at above 200 °C and then exfoliated under the rotor shear. As a result, the dielectric constant and thermal conductivity of the PP/GIC composite samples (with a GIC content of 10 wt%) are significantly improved. The PG220 sample exhibits a dielectric constant of about 1.3 × 108 at 103 Hz, which is about six and five orders higher than that of the PG180 and PG200 samples, respectively. Simultaneously, the PG220 sample exhibits a thermal conductivity of 0.63 Wm−1K−1, which is 61.5% and 28.6% higher than that of the PG180 and PG200 samples, respectively. The well-dispersed GICs in the PP matrix would accelerate the crystallization of PP due to the increased nucleation point. However, its high aspect ratio would suppress the growth of the PP crystal by hampering the mobility of the PP chains, leading to a decreased Xc. The thermal stability of the composites is enhanced by the improved dispersion of GICs in the PP matrix because of the “labyrinth effect” caused by the well-dispersed GICs. The Young’s modulus of the PP/GIC composites is notably enhanced with the increase in processing temperature. The PG220 sample exhibits a Young’s modulus of about 958.2 MPa, which is 50.7%, 21.2%, and 10.0% higher than that of the neat PP, PG180, and PG200 samples, respectively. This can be attributed to the high intrinsic modulus and improved dispersion of the stiff GICs. However, the elongation at the break of the PG220 sample decreases substantially to about 5.5%.







Author Contributions


Conceptualization, J.T.; data curation, Z.W., J.T., W.L., H.Z., H.C., M.H. and H.H.; formal analysis, Z.W. and J.T.; resources, J.T., H.Z. and H.C.; writing—original draft, Z.W.; writing—review and editing, J.T. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful for the financial support provided by the Guangdong Basic and Applied Basic Research Foundation (2020A1515110461, 2019A1515110304, 2019A1515110645) and the National Natural Science Foundation of China (61973294).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Song, S.H.; Park, K.H.; Kim, B.H.; Choi, Y.W.; Jun, G.H.; Lee, D.J.; Kong, B.S.; Paik, K.W.; Jeon, S. Enhanced thermal conductivity of epoxy-graphene composites by using non-oxidized graphene flakes with non-covalent functionalization. Adv. Mater. 2013, 25, 732–737. [Google Scholar]

	



Abolhasani, M.M.; Shirvanimoghaddam, K.; Naebe, M. PVDF/graphene composite nanofibers with enhanced piezoelectric performance for development of robust nanogenerators. Compos. Sci. Technol. 2017, 138, 49–56. [Google Scholar] [CrossRef]

	



Song, S.; Zheng, Z.; Bi, Y.; Lv, X.; Sun, S. Improving the electroactive phase, thermal and dielectric properties of PVDF/graphene oxide composites by using methyl methacrylate-co-glycidyl methacrylate copolymers as compatibilizer. J. Mater. Sci. 2019, 54, 3832–3846. [Google Scholar] [CrossRef]

	



Chen, H.Y.; Ginzburg, V.V.; Yang, J.; Yang, Y.F.; Liu, W.; Huang, Y.; Du, L.B.; Chen, B. Thermal conductivity of polymer-based composites: Fundamentals and applications. Prog. Polym. Sci. 2016, 59, 41–85. [Google Scholar] [CrossRef]

	



Li, Y.; Tang, J.; Huang, L.; Liu, J.; Wang, Y.; Ge, X.; Wang, L.; Li, G.; Sun, W. Effective exfoliation of expanded graphite in rigid poly(methyl methacrylate) and its dispersion and enhancement in poly(vinylidene fluoride). J. Nanosci. Nanotechnol. 2016, 16, 10021–10028. [Google Scholar] [CrossRef]

	



Deng, S.; Zhu, Y.; Qi, X.; Yu, W.; Chen, F.; Fu, Q. Preparation of polyvinylidene fluoride/expanded graphite composites with enhanced thermal conductivity via ball milling treatment. RSC Adv. 2016, 6, 45578–45584. [Google Scholar] [CrossRef]

	



Ho, Q.B.; Osazuwa, O.; Modler, R.; Daymond, M.; Gallerneault, M.T.; Kontopoulou, M. Exfoliation of graphite and expanded graphite by melt compounding to prepare reinforced, thermally and electrically conducting polyamide composites. Compos. Sci. Technol. 2019, 176, 111–120. [Google Scholar] [CrossRef]

	



Cho, E.C.; Huang, J.H.; Li, C.P.; Chang-Jian, C.W.; Lee, K.C.; Hsiao, Y.S.; Huang, J.H. Graphene based thermoplastic composites and their application for LED thermal management. Carbon 2016, 102, 66–73. [Google Scholar] [CrossRef]

	



Tang, Z.; Kang, H.; Shen, Z.; Guo, B.; Zhang, L.; Jia, D. Grafting of polyester onto graphene for electrically and thermally conductive composites. Macromolecules 2012, 45, 3444–3451. [Google Scholar] [CrossRef]

	



Kim, H.; Abdala, A.A.; Macosko, C.W. Graphene/polymer nanocomposites. Macromolecules 2010, 43, 6515–6530. [Google Scholar] [CrossRef]

	



Colonna, S.; Monticelli, O.; Gomez, J.; Novara, C.; Saracco, G.; Fina, A. Effect of morphology and defectiveness of graphene-related materials on the electrical and thermal conductivity of their polymer nanocomposites. Polymer 2016, 102, 292–300. [Google Scholar] [CrossRef]

	



Yu, Y.; Zhao, C.; Li, Q.; Li, J.; Zhu, Y. A novel approach to align carbon nanotubes via water-assisted shear stretching. Compos. Sci. Technol. 2018, 164, 1–7. [Google Scholar] [CrossRef]

	



Han, Z.; Fina, A. Thermal conductivity of carbon nanotubes and their polymer nanocomposites: a review. Prog. Polym. Sci. 2011, 36, 914–944. [Google Scholar] [CrossRef]

	



Haghgoo, M.; Ansari, R.; Hassanzadeh-Aghdam, M.K. Prediction of electrical conductivity of carbon fiber-carbon nanotube-reinforced polymer hybrid composites. Compos. Part B Eng. 2019, 167, 728–735. [Google Scholar] [CrossRef]

	



Fang, C.; Zhang, J.J.; Chen, X.Q.; Weng, G.J. A Monte Carlo model with equipotential approximation and tunneling resistance for the electrical conductivity of carbon nanotube polymer composites. Carbon 2019, 146, 125–138. [Google Scholar] [CrossRef]

	



Soares, B.G. Ionic liquid: A smart approach for developing conducting polymer composites A review. J. Mol. Liq. 2018, 262, 8–18. [Google Scholar] [CrossRef]

	



Chen, G.; Weng, W.; Wu, D.; Wu, C. PMMA/graphite nanosheets composite and its conducting properties. Eur. Polym. J. 2003, 39, 2329–2335. [Google Scholar] [CrossRef]

	



Yu, A.P.; Ramesh, P.; Itkis, M.E.; Bekyarova, E.; Haddon, R.C. Graphite nanoplatelet-epoxy composite thermal interface materials. J. Phys. Chem. C 2007, 111, 7565–7569. [Google Scholar] [CrossRef]

	



Tang, L.C.; Wan, Y.J.; Yan, D.; Pei, Y.B.; Zhao, L.; Li, Y.B.; Wu, L.B.; Jiang, J.X.; Lai, G.Q. The effect of graphene dispersion on the mechanical properties of graphene/epoxy composites. Carbon 2013, 60, 16–27. [Google Scholar] [CrossRef]

	



Liu, Y.J.; Feng, C. An attempt towards fabricating reduced graphene oxide composites with traditional polymer processing techniques by adding chemical reduction agents. Compos. Sci. Technol. 2017, 140, 16–22. [Google Scholar] [CrossRef]

	



Yang, Y.Q.; Zhao, M.J.; Xia, Z.L.; Duan, H.J.; Zhao, G.Z.; Liu, Y.Q. Facile preparation of polyamide 6/exfoliated graphite nanoplate composites via ultrasound-assisted processing. Polym. Eng. Sci. 2018, 58, 1739–1745. [Google Scholar] [CrossRef]

	



Tong, J.; Li, W.; Tan, L.C.; Chen, H.C. Fabrication of well dispersed poly(vinylidene fluoride)/expanded graphite/ionic liquid composites with improved properties by water-assisted mixing extrusion. Compos. Sci. Technol. 2020, 185, 107904. [Google Scholar] [CrossRef]

	



Tong, J.; Li, W.; Chen, H.C.; Tan, L.C. Improving properties of poly(vinylidene fluoride) by adding expanded graphite without surface modification via water-assisted mixing extrusion. Macromol. Mater. Eng. 2020, 305, 2000270. [Google Scholar] [CrossRef]

	



Ma, G.Q.; Sun, G.K.; Ma, Z.; Li, J.Q.; Sheng, J. In-line plasma induced graft-copolymerization of pentaerythritol triacrylate onto polypropylene. Chin. J. Polym. Sci. 2018, 36, 979–983. [Google Scholar] [CrossRef]

	



Sefadi, J.S.; Luyt, A.S.; Pionteck, J.; Gohs, U. Effect of surfactant and radiation treatment on the morphology and properties of PP/EG composites. J. Mater. Sci. 2015, 50, 6021–6031. [Google Scholar] [CrossRef]

	



Dini, M.; Mousavand, T.; Carreau, P.; Kamal, M.; Ton-That, M. Effect of water assisted extrusion and solid-state polymerization on the microstructure of PET/clay nanocomposites. Polym. Eng. Sci. 2014, 54, 1723–1736. [Google Scholar] [CrossRef]

	



Wu, M.; Huang, H.X.; Tong, J.; Ke, D.Y. Enhancing thermal conductivity and mechanical properties of poly (methyl methacrylate) via adding expanded graphite and injecting water. Compos. Part A 2017, 102, 228–235. [Google Scholar] [CrossRef]

	



Yang, S.; Wang, Q.; Wen, B. Highly thermally conductive and superior electrical insulation polymer composites via in situ thermal expansion of expanded graphite and in situ oxidation of aluminum nanoflakes. ACS Appl. Mater. Inter. 2021, 13, 1511–1523. [Google Scholar] [CrossRef]

	



Mao, H.; Zhang, T.; Huang, T.; Zhang, N.; Wang, Y.; Yang, J. Fabrication of high-k poly(vinylidenefluoride)/nylon 6/carbon nanotube nanocomposites through selective localization of carbon nanotubes in blends. Polym. Int. 2017, 66, 604–611. [Google Scholar] [CrossRef]

	



Jiao, Y.; Yuan, L.; Liang, G.; Gu, A. Facile preparation and origin of high-k carbon nanotube/poly(etherimide)/bismaleimide composites through controlling the location and distribution of carbon nanotubes. J. Phys. Chem. C 2014, 118, 24091–24101. [Google Scholar] [CrossRef]

	



Yuan, J.K.; Li, W.L.; Yao, S.H.; Lin, Y.Q.; Sylvestre, A.; Bai, J. High dielectric permittivity and low percolation threshold in polymer composites based on SiC-carbon nanotubes micro/nano hybrid. Appl. Phys. Lett. 2011, 98, 032901. [Google Scholar] [CrossRef]

	



Min, C.; Yu, D.; Cao, J.; Wang, G.; Feng, L. A graphite nanoplatelet/epoxy composite with high dielectric constant and high thermal conductivity. Carbon 2013, 55, 116–125. [Google Scholar] [CrossRef]

	



Dang, Z.M.; Nan, C.W.; Xie, D.; Zhang, Y.H.; Tjong, S.C. Dielectric behavior and dependence of percolation threshold on the conductivity of fillers in polymer-semiconductor composites, Appl. Phys. Lett. 2004, 85, 97–99. [Google Scholar]

	



Li, Y.C.; Tjong, S.C.; Li, R.K.Y. Electrical conductivity and dielectric response of poly(vinylidene fluoride)- graphite nanoplatelet composites. Synth. Met. 2010, 160, 1912–1919. [Google Scholar] [CrossRef]

	



Sang, B.; Li, Z.W.; Li, X.H.; Yu, L.G.; Zhang, Z.J. Graphene-based flame retardants: a review. J. Mater. Sci. 2016, 51, 8271–8295. [Google Scholar] [CrossRef]

	



Bian, J.; Wang, Z.J.; Lin, H.L.; Zhou, X.; Xiao, W.Q.; Zhao, X.W. Thermal and mechanical properties of polypropylene nanocomposites reinforced with nano-SiO2 functionalized graphene oxide, Compos. Part A Appl. Sci. Manuf. 2017, 97, 120–127. [Google Scholar] [CrossRef]

	



Pham, V.H.; Dang, T.T.; Seung Hyun, H.; Kim, E.J.; Chung, J.S. Highly conductive poly(methyl methacrylate) (PMMA)-reduced graphene oxide composite prepared by self-assembly of PMMA latex and graphene oxide through electrostatic interaction. ACS Appl. Mater. Inter. 2012, 4, 2630–2636. [Google Scholar] [CrossRef]

	



Krupa, I.; Cecen, V.; Boudenneá, A.; Križanov, Z.; Vávra, I.; Srnánek, R.; Radnóczi, G. Mechanical properties and morphology of composites based on the EVA copolymer filled with expanded graphite. Polym. Plast. Technol. Eng. 2012, 51, 1388–1393. [Google Scholar] [CrossRef]

	



Kalaitzidon, K.; Fukushima, H.; Drzal, L.T. A new compounding method for exfoliated graphite-polypropylene nanocomposites with enhanced flexural properties lower percolation threshold. Compos. Sci. Technol. 2007, 67, 2045–2051. [Google Scholar] [CrossRef]








[image: Polymers 13 03095 g001 550] 





Figure 1. SEM micrographs of (a,b) PG180, (c,d) PG200, and (e,f) PG220 samples. 
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Figure 2. WAXD spectra of GIC, PG180, PG200, and PG220 samples. 
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Figure 3. Schematics of underlying mechanism for in situ expansion, intercalation, exfoliation, and dispersion of GICs in PP matrix. 
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Figure 4. (a) Dielectric constant and (b) dielectric loss versus frequency for neat PP and PP/GIC composite samples. 
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Figure 5. Thermal conductivities of neat PP and PP/GIC composite samples. 
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Figure 6. DSC (a) cooling and (b) heating curves for neat PP and PP/GIC composite samples. 
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Figure 7. (a) TGA and (b) DTG thermograms for neat PP and PP/GIC composite samples. 
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Figure 8. (a) Representative stress—strain curves, (b) Young’s modulus, (c) tensile strength, and (d) elongation at break of neat PP and PP/GIC composite samples. 
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Table 1. DSC thermal performance parameters for neat PP and PP/GIC composite samples.
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	Sample
	Tc (°C)
	ΔHm (J/g)
	Tm (°C)
	Xc (%)





	PP
	115.4
	106.8
	164.0
	51.6



	PG180
	123.0
	114.1
	164.5
	61.2



	PG200
	124.5
	101.2
	164.8
	54.3



	PG220
	125.6
	96.7
	165.6
	51.9
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