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Abstract

:

The authors developed a nanocomposite using polypropylene (PP) and graphene nanoplatelets (GNPs) with a melt mixing method. Virgin PP was filled with three sets of GNPs with a fixed thickness (15 nm) and surface area (50–80 m2/g). The selected H-type GNPs had three different sizes of 5, 15 and 25 µm. The nanocomposites were made by loading GNPs at 1, 2 and 3 wt.%. Mechanical analysis was carried out by performing tensile, flexural and impact strength tests. The crystalline, micro-structural, thermal and dynamic mechanical properties were assessed through XRD, FESEM, PLM, DSC, TGA and DMA tests. It was observed that all three types of GNPs boosted the mechanical strength of the polymer composite. Increasing the nanofiller size decreased the tensile strength and the tensile modulus, increased the flexural strength and flexural modulus, and increased the impact strength. Maximum tensile strength (≈41.18 MPa) resulted for the composite consisting 3 wt.% H5, whereas maximum flexural (≈50.931 MPa) and impact (≈42.88 J/m) strengths were observed for nanocomposite holding 3 wt.% H25. Graphene induced the PP’s crystalline phases and structure. An improvement in thermal stability was seen based on the results of onset degradation (TD) and melting (Tm) temperatures. Graphene increased the crystallization (Tc) temperatures, and acted like a nucleating agent. The experimental analysis indicated that the lateral size of graphene plays an important role for the nanocomposite’s homogeneity. It was noted that the small-sized GNPs improved dispersion and decreased agglomeration. Thus overall, small-sized GNPs are preferable, and increasing the lateral size hardly establishes feasible characteristics in the nanocomposite.
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1. Introduction


In the current scientific world, graphene has created a significant role. Graphene is derived from graphite, and exists in the form of single layer sheet. Graphene is a 2D (two-dimensional) material with sp2 hybridization. It has a honeycomb structure of carbon atoms. Graphene nanoplatelets (GNPs) consist of several layers of graphene with thickness between 3 and 100 nm that are sustained due to van der Waals forces of attraction. Graphene has found extensive applications in engineering, science and technology as a favorable reinforcing material for different polymers [1,2,3,4,5,6,7,8]. Polypropylene (PP) is a widely accepted thermoplastic polymer among the polyolefin groups [9,10,11]. PP is widely available, relatively inexpensive, easy to handle and allows for recycling. It possesses good mechanical and physical properties [12,13,14,15,16]. Improving the properties of polypropylene has stimulated many researchers to use graphene as a reinforcing agent [17,18,19]. Several scientific studies revealed the physicochemical properties of polypropylene containing graphene [20]. Thermoplastic nanocomposites prepared from graphene show improved mechanical strength and electrical conductivity over nanocomposites prepared from clay and carbon black [21,22]. Research on nanocomposites prepared from polypropylene and graphene nanoplatelets is new and challenging. One scientific study revealed that the presence of GNPs (20% by volume) in PP increases the flexural moduli to 9 GPa [23]. On the other hand, the same nanocomposite yielded flexural moduli up to 7GPa when filled with conventional fillers. Research on evaluating polymer nanocomposite properties containing graphene nanoplatelets is limited. Determining the effects of graphene nanoplatelet lateral size and thickness on its performance are still unresearched. Improved mechanical strength has been observed for nanocomposites carrying small-sized GNPs, but poor electrical conductivity also resulted [24]. Large-sized GNPs produce high dispersibility and improve electrical properties due to a reduction in percolation threshold. At the same loading rate acceleration in percolation threshold GNPs are observed to have high aspect ratios. The quantity of GNPs in the polymer composites is a significant factor in controlling its performance. It is feasible to use small quantities of nanofillers rather than large, in order to prevent mechanical failure. This means that nanocomposites’ overall performance is a function of nanofillers’ (GNPs) physical and chemical properties. GNPs that were 150 µm in size were added to PP by Yun-Seok Jun et al., and different physical and chemical properties were studied [25]. They proved that large-sized GNPs are not satisfactory to develop composites with acceptable mechanical strength, due to weak interfacial strength formation between the filler and the matrix. Recently published literature revealed methods to improve the properties of PP [26]. PP’s tensile modulus can be enhanced by 100% when it is filled by GNPs less than 10μm in size. It was also reported that the flexural strength of the GNP-filled nanocomposites and their loading capacities are inversely proportional to nanofiller size [27]. Enhancements in the thermal behavior of polymer composites filled with GNPs were observed by Bafana et al. [28]. Their experimental outcome found an increase in the nanocomposite’s degradation temperature by 29 °C when loaded with 1.5 wt.% of GNPs. Pedrazzoli et al. studied the crystallization properties of GNP-filled polymer nanocomposites [29]. Their report verified that the presence of GNPs alters the crystallinity of the polymer. Thus overall, it may be noted that filling GNPs in different polymer matrixes is a feasible phenomenon for augmenting polymer properties. However, studies that determine the effect of nanofillers’ lateral size and thickness are not widely available in the scientific literature. Hence, it is necessary to provide a broad scientific article that explains the influences of nanofillers having wide ranges of size and thickness. It is essential to select nanofillers with specific dimensions to maximize the performance of nanocomposites. The past research indicates that small-sized GNPs are preferable for the production of automobile parts that enhance fuel efficiency [30]. Polymer composites made from graphene are widely accepted as packing materials. GNPs with large lateral sizes are preferred for enhancing electrical properties [31,32,33]. However, further investigation is still necessary to know the different physical and chemical properties of PP-based nanocomposites using GNPs as a nanofiller. Based on the above discussion, an in-depth experimental attempt was made to find the influence of GNPs’ lateral size and amount of loading on the performance of nanocomposites made from PP. The studies were conducted considering GNPs with constant thickness of 15 nm, and lateral sizes of 5, 15 and 25 µm.




2. Materials


Pellets of polypropylene (PP, M110 grade and a homopolymer) with a typical diameter of 3–5 mm were purchased from Haldia Petrochemicals, West Bengal. The melt flow index (MFI, as per ASTM standard) and density of the PP were 11 g/10 min and 0.900 g/cm3, respectively. Three different types of GNPs, viz., H5, H15 and H25, were procured from XG science (Sigma Aldrich, 3050 Spruce St, Saint Louis, MO, USA). The physical properties of the nanoparticles are reported in Table 1, based on the technical information given by XG science.



The microstructural study of the nanoparticles was conducted using a field emission scanning electron microscope (FESEM). Figure 1 shows some of the FESEM images captured at different magnifications. Polymer nanocomposites were prepared with melt-mixing methods. PP was mixed with each type of GNP using a twin-screw extruder. Before mixing, the polymer and graphene nanoparticles were agitated in ethyl alcohol separately to achieve a maximum distribution. Then, both the polymer and nanoparticles were allowed to dry at 60 °C using a vacuum oven for 12 h. The graphene nanoparticles were added manually to the polymer matrix at different loading rates such as 1, 2 and 3 wt.%. This polymer/graphene mixture was allowed to circulate for 10 min before melt mixing. A counter-rotating twin-screw extruder (model-PTW 16, Thermo Electron Corporation, Germany) was employed for melt mixing. The extruder was operated at a minimum of 190 °C and a maximum of 220 °C at the feeder and heating zone, respectively. The mixing was processed at a screw speed of 40 rpm for 2 min. The polymer/graphene composites were obtained in pelletized form. Hereafter, the collected pellets were injection molded (Endura-90 injection molding machine, Pune, India) at 190 °C to fabricate test specimens. The prepared nanocomposites and codes of the test specimens are listed in Table 2.



2.1. Methods of Characterization


Mechanical and Thermal Properties



Tensile test specimens were prepared following the ASTM D638 standards with a gauge length of 50 mm. The specimens were tested using a universal testing machine (UTM3382, Norwood, MA, USA), at a strain rate of 50 mm/min. The flexural test specimens, having dimensions of 127 × 12.7 × 3.2 mm3 were prepared, and experiments (three-point bending) were conducted according to ASTM D790 standards. Flexural tests were performed at a speed referred to in Equation (1). Data pertaining to flexural strength     (  σ  F m a x    ) were calculated using Equation (2):


  S p e e d =   Z  L 2    6 d    



(1)






   σ  F m a x   =   3 P L   2 b  d 2     



(2)




where Z = strain rate (0.01 mm/mm/min), L (span length) = 16× sample thickness (d), P is the applied load and b is the specimen width. The load was applied up to 10% extension of the test specimens at a strain rate of 1.365 mm/min. Flexural test specimens were chopped to a size of 63.5 × 12.7 × 3.2 mm3 to conduct the impact tests. Specimens were V-notched at 45° to a depth of 25 mm. Impact tests were conducted as per ASTM D256 standards, using an impact meter (IT 504 Plastic impact, Tinius Olsen, Horsham, PA, USA). All of the experiments were conducted at normal room temperature. Five experiments were conducted per evaluation, and average values were reported.



The thermal behavior of the prepared nanocomposites was examined by performing differential scanning calorimetry (DSC, model-DSC-60A plus, Shimadzu, Kyoto, Japan) and thermogravimetric analysis (TGA, model-Shimadzu DTG-60H, Kyoto, Japan). At first, the specimens were heated up to 300 °C and retained at this state for 5 min, in order to remove the previous thermal history. Then, the samples were cooled to reach normal room temperature. Both the heating and cooling cycles are performed in the presence of nitrogen (N2), at a rate of 10 °C/min. The second heating thermogram was considered for analysis. DSC analysis reported the nanocomposite’s melting (Tm) and crystallization (Tc) temperatures, melt enthalpy (ΔHm) and degree (percentage) of crystallinity. The calculation method of degree of crystallinity (Xc) is based on Equation (3):


   X c  =   Δ  H m    Φ × Δ  H m °       



(3)







The abbreviations ΔHm and Φ are the melt enthalpy and weight % of PP in the polymer composite, respectively.   Δ  H m °    = melt enthalpy of 100% PP and is reported as 209 J/g [34]. At the end, TGA was used to understand the thermal stability of nanocomposites up to 600 °C. About 30 mg of the test piece was heated under a nitrogen environment at a heating rate of 10 °C/min, and changes in the sample’s weight due to its decomposition was continuously monitored.




2.2. X-ray Diffraction and Microscopy


PP, GNPs and the prepared nanocomposites were characterized with X-ray diffraction analysis (XRD, model-Phillips, PW1720, Cambridge, MA, USA), in order to determine the crystallographic structure (phase identification). The samples were scanned with 2θ angle between 0–40° at a scanning rate of 10°/min using copper (Cu) Kα radiation at a λ = 1.54 Å. The Quanta FEG 250 FESEM was used to study the microstructure of the nanocomposites. The samples were sputter coated before conducting the FESEM analysis. The crystal morphology of the nanocomposites was studied with a help of a cross-polarized optical microscope (PLM, model-Leica DM750P, Wetzlar, Germany). A tiny piece of the test specimen was heated to 180 °C on a glass slide using the hot stage and allowed to melt. A micro-glass slide was placed on the molten polymer to convert it to a thin film. The polymer film was cooled, and the crystal morphology was continuously tracked. The executed heating and cooling rates were 5 °C/min. The spherulite images of the nanocomposites were captured at 110 °C at 50× magnification.




2.3. Dynamic Mechanical Analysis (DMA)


A DMA analyzer (DMA Q 800, TA instruments, New Castle, DE, USA) was incorporated to study and characterize the viscoelastic behavior of the nanocomposites. Test samples of size 35 × 12 × 3 mm3 were prepared, and assessment of the complex modulus was performed using continuous application of stress, and monitoring the strain. Experiments were conducted from −50 to 150 °C at a 1 Hz frequency in a nitrogen atmosphere, as per the ASTM D 5026 standards. During the trials, the rate of change in temperature was controlled at 5 °C/min.





3. Results and Discussion


3.1. Evalution of Mechanical Strength


The first of part of the results and discussion section contains the analysis of mechanical properties such as tensile, flexural and impact strengths. The tensile stress and strain diagram is shown in Figure 2. The tensile strength increased with GNP content. At the same time, the tensile strain at break point decreased with an increase in GNP loading. The results obtained confirm the findings of other researchers [35]. Similar results were observed for the nanocomposites carrying all three types of GNPs. It was noted that the maximum value of the tensile strength of the prepared nanocomposites was always higher than the unfilled PP. Hence, the graphene nanoparticles showed a reinforcing effect on the PP chain [36]. Figure 3 shows the dependence of tensile strength and Young’s modulus on the weight % of GNPs in the nanocomposites.



It can be seen from Figure 3 that both tensile strength and Young’s modulus increased with an increase in graphene content. This is due to the stiffening effect of the graphene nanoparticles on the polymer. At the same, with GNP loading the magnitude of Young’s modulus and tensile strength are always higher for the nanocomposite containing small-sized (H5) GNPs. Graphene is an inorganic material, and when loaded to PP, it acts like a skeleton in the PP matrix [37]. As a result of the physical cross-linking of nanoparticles and the polymer matrix, the molecular moments connecting the polymer chains were prohibited. This causes an improvement in the stiffness of the composite [38]. The smaller the GNP size, the more will be the number of particles in the nanocomposite under the same loading condition. The data corresponding to mechanical strengths are reported in Table 3.



The size of the H5-type GNPs is smallest, while the H25-type GNPs are the largest (see Table 1). Therefore, the PP-H5 nanocomposites resulted in the highest Young’s modulus values, while the PP-H25 system resulted in the smallest values of Young’s modulus. The tensile strength of the nanocomposite depended significantly on the interfacial adhesion strength between the graphene nanoparticles and the PP matrix [39]. Thus, the interfacial adhesion between the GNPs and the polymer matrix is the greatest for small-sized GNPs. As the GNP lateral size decreased, the interfacial bonding between graphene and polymer improved, which reduces agglomeration and increases the dispersion efficiency. Thus, the load-carrying capacity is obviously high for nanocomposites carrying small-sized GNPs because of the high efficiency in stress transfer between the polymer resin and the nanoparticles.



Figure 4 represents flexural stress–strain diagrams for pure PP and graphene-modified systems conducted using three-point bending tests. The data pertaining to flexural strength and modulus were extracted from Figure 4 and reported in Figure 5 using the equation mentioned in the material characterization section. The flexural strength and modulus were always observed to be highest for nanocomposites carrying 3 wt.% GNPs. Increasing GNP size enhances the flexural strength and modulus due to the improved polymer chain movement. Nanoparticles with large-sized inorganic thin sheets will inhibit deformation under flexural load. When flexural load is applied, the polymer matrix will greatly deform, while the nanoparticles have no deformation. At equal GNP contents, nanocomposites containing large-sized thin sheet particles yield better molecular mobility and increase the polymer fractional free volume. The results from the analysis show an increase in flexural strength and modulus up to ≈38% (when compared to PP) for nanocomposites containing 3 wt.% H25 graphene.



Figure 6 shows the impact strength reached a maximum value of 42.88 J/m for composites with 3 wt.% H25 GNPs. The enhancement in impact toughness may be due to the fracture transformation mechanism. Impact strength is governed by two factors, stress concentrations and crack propagation [40]. Reinforcing GNPs enhances the impact resistance due to a reduction in crack propagation rate. The morphology of the selected fractured nanocomposites due to impact load is observed through FESEM, and the micrographs are presented in Figure 7. The virgin PP shows a brittle fracture due to insignificant deformation [41], which resulted from the absence of graphene nanoparticles. The fracture surface morphology was observed to be closely related to the impact strength. The impact fracture surface morphology was relatively smooth (Figure 7a), indicating the direct expansion of microcracks. However, the presence of graphene nanoparticles modifies the fracture morphology. It was observed that an increase in graphene concentration up to 3 wt.% was notable to produce agglomeration.



The fracture surfaces of the nanocomposites carrying graphene nanoparticles were relatively rough due to notable deformation, and caused formation of microcracks that absorbed the impact energy. Larger microcracks were seen for nanocomposites carrying large-sized GNPs. A magnified fracture morphology is presented in Figure 8, and the developed microcracks are labeled. The fracture morphology reveals uniform distribution and strong interfacial strength between the matrix and GNPs. This suggests a well-built mechanical interlocking between the polymer matrix and nanoparticles, resulting in enhanced stress transfer.




3.2. XRD Analysis


The XRD patterns of virgin PP, GNPs, along with the fabricated nanocomposites, are shown in Figure 9. The graphene nanosheet has a single peak that originated at a 26.5° diffraction angle. The observed intensity of the peak increased with graphene size. This peak corresponds to the 002-plane, and is attributed to the space between the graphene units [42]. The XRD analysis reveals that the neat PP has four main peaks at 14.08, 16.95, 18.5 and 21.85°, and two minor peaks at 21.2 and 25.6° [43]. The four main peaks correspond to (110), (040), (130) and (041) planes of α-crystals, respectively. The minor peaks belong to (111) and (060) crystal planes, respectively. The appearance of (300) planes of β-crystals at 2θ ≈16° was seen for nanocomposites filled with H25- and H15-type GNPs.



Hence, it was noted that the GNPs acted like nucleating agents, and initiated nucleation around the graphene particles [44]. The development of β-crystals was not seen with the nanocomposites carrying H5-type GNPs. This may be due to the occurrence of a saturation effect of the small-sized GNPs. The smaller the GNP size, the larger is the number of particles per unit volume of polymer. In such cases, polymer chains do not have enough space to align with the graphene nanoparticles [45]. Thus, it is confirmed that the degree of saturation decreased with an increase in the GNP size. It was also observed that graphene boosted the intensity of PP’s α-111(as seen for PP-H5-1, PP-H25-1 and PP-H25-3 systems) and α-060 planes. This further clarified that the addition of GNP alters the crystal form of PP, and helps to enhance the impact strength of nanocomposites.




3.3. Crystallization and Thermal Stability Behavior


The crystallization properties were studied by conducting DSC experiments. DSC is an analysis tool to study the crystallization behavior of materials. Here, we determined the melt (Tm) and the crystallization temperatures (Tc) of the prepared nanocomposites. The degrees of crystallinity (Xc) of the nanocomposites were evaluated referring to Equation (3). Figure 10 shows both the melting and the non-isothermal crystallization curves. The results corresponding to the DSC tests are disclosed in Table 4. It was observed that adding GNPs to the PP matrix increased the crystallization temperature [46], meaning that PP crystallizes at higher temperatures in the presence of GNPs. This may be due to the surface of the GNP particles serving as sites for PP crystallization [47,48].



The crystallization temperature was highest (≈126 °C) for nanocomposites carrying 3 wt.% H5. Smaller-sized GNPs were observed to enhance the crystallization temperature more than the larger ones. The 3 wt.% H5-type GNPs increased the PP crystallization temperature by 11 °C, whereas at the same loading condition, only a 7 °C increase in crystallization temperature was seen for nanocomposites comprising H25 GNPs. This is obviously due to the high degree of dispersion and surface area of H5. This indicates crystallization onset occurs at higher temperatures when small-sized GNPs are filled in the PP. The degree of crystallinity of the nanocomposites was not significantly affected by both the numbers of GNPs and their sizes. The presence of GNPs in the PP matrix only promotes the formation of peculiar crystals such as the β-crystal form, and the graphene particles have little effect on PP’s degree of crystallinity [49]. This indicates that changes in the mechanical properties of the prepared nanocomposites resulted from transformation of PP’s crystal form, rather than from a change in crystallinity. The addition of GNPs did not change the melting temperature of the composites significantly. A maximum increase of about 5 °C in melting temperature was seen for 3 wt.% H5 GNPs. The small degree of variation in the melting temperature(Tm) indicates that the crystal type of PP did not change in the presence of all the grades of GNPs. Thus, Tm is only a function of PP’s crystal form.



The thermal stability of the nanocomposites was studied with TGA, with the results reported in Table 4. The initial (onset) degradation temperature (TD) and the temperature at residual weight (TR) were evaluated from Figure 11. Significant improvements in TD and TR were seen. The PP began to degrade at ≈250 °C, and it was enhanced to ≈353 °C for the PP-H5-3 nanocomposite. All of the three different GNPs increased the degradation temperature. Graphene nanoparticles block the mass transfer and restrict the molecular diffusion of bulk polymer to the outer surface during heating [50,51,52,53]. Thus; most of the volatile gases formed through heating are confined inside the body of the polymer composite, and restricted to fly [54,55,56,57]. The previously mentioned feature is a strong indication that graphene behaves like a fire-retardant in the PP matrix and causes improvements in thermal stability [58,59,60,61]. The TD value decreased for large-sized GNPs incorporated in our study. Hence, large-sized GNPs exhibit inferior thermal stability. Similar results were also observed for TR. The TR increased by ≈100 °C for PP-H5-3 composites. At the same, for 3 wt.%, the H25 increased the TR by ≈48 °C. The addition of small-sized GNP sheets boosts thermal conduction, and allow for uniform heat transfer in the polymer matrix, leading to a nanocomposite with better thermal stability.




3.4. Polarized Light Microscopy


The DSC method implemented could support the overall analysis of crystallization kinetics, and the results are still unknown. The crystallization kinetics and its growth mechanism were further studied by means of a polarized optical microscope operating at 110 °C. The objective of selecting this temperature was based on the fact that at low temperature, the growth rate of spherulite is fast. The spherulite morphology of the samples was observed using a PLM during isothermal crystallization. Figure 12 shows the spherulite structures of the samples. The observation was limited to virgin PP, and the nanocomposites with all three different types of GNPs at 3 wt.%. Some spherical nuclei were seen for PP (Figure 12a). The PP formed large spherulites during crystallization that were well separated from each other.



The spherulites had clear outside curved boundaries, and were responsible for PP’s monoclinic α-phase [62]. The spherulites had no impurities and defects. The PP formed fewer nucleation sites and hence, the number of spherulites formed was relatively lower. However, the spherulite sizes were relatively large; yet, as the polypropylene was doped with graphene, the rate of nucleation evidently enhanced, and heterogeneous nucleation began and led to an increase in nucleation sites [63]. Consequently, the spherulite diameter decreased compared to that of neat PP. The GNP size prominently influenced the orientation of crystalline lamellae. The growth rate of spherulites was significantly hindered by the graphene nanoparticles. The spherulite size decreased with an increase in GNP size, as observed in Figure 12d. Thus, the size of the GNPs played an important role in the growth of spherulite [64]. Increasing the GNP size generated a large number of nucleating points as a result of the formation of the β-crystal phase (as evidenced from XRD study). In other words, a large number of small-sized spherulites developed during crystallization for the system PP-H25-3. As a result of the high nuclei density, the free growth of spherulites was not possible, and a fine-grained structure developed that occupied the whole image.




3.5. Dynamic Mechanical Characteristics


The dynamic mechanical properties were investigated applying DMA, and the results are reported in Figure 13. The properties, such as storage modulus and tanδ (damping co-efficient) as a function of temperature, are shown in the left and right columns on the picture. The tests were conducted from −50 to 150° and at other operating conditions mentioned previously. The storage modulus always decreased with increasing temperature. However, the storage modulus increased with GNP filling, and the reverse phenomenon occurred as far as damping co-efficient is concerned. The enhanced storage modulus indicates the rigidity of the composites due to the presence of graphene sheets. As graphene is the stiffest material available in nature, it has a reinforcing effect on PP. In our observation, the total experimental time could be classified into four stages, viz., (a) glassy state, (b) relaxation stage, (c) rubbery plateau and (d) flow region. The rate of change of storage modulus in the glassy state was observed to be almost constant, and ranged between −50 and −20 °C, where there was no mobility of the polymer chain molecules. The relaxation stage ranged from about −20 to 35 °C, where polymer molecules showed local motion in the amorphous phase, and overlapped the glass transition range (−20 to 0 °C) [65,66,67,68]. The third stage, i.e., the rubbery plateau phase, can be called an intermediate phase, and prevailed up to about 60 °C, where the nanocomposite became soft and partially molten. The fourth and final stage was called the flow region, and lasted up to the end of the experiment. Here, the polymer chain molecules had sufficient mobility to allow flow. However, as far as the effect of sheet size is concerned, it can be seen (see Figure 13c) that the storage modulus reached a value above 2500 MPa for the PP-H5-3 system; meanwhile, under the same condition, the nanocomposites containing H15- and H25-type GNPs were able to improve the storage modulus to about 2250 and 2100 MPa, respectively. This indicates that the GNPs with low sheet sizes can make the polymer stiffer, attributing to improved adhesion between the nanofiller and PP matrix. This fact is in good agreement with the results of Young’s modulus found in our earlier tensile tests (see Figure 3b). Hence, the small-sized GNPs generated a composite that could withstand higher tensile force with a higher Young’s modulus.





4. Conclusions


The thermoplastic polymer “polypropylene” can be successfully mixed with graphene nanoparticles via melt mixing, which allows for easy injection molding. A wide range of experimental techniques were used to thoroughly understand the nanocomposite’s physicochemical properties. The above experimental research indicates that both graphene content and its size have certain positive and negative effects on filled polypropylene composites. An increase in graphene in polypropylene yields positive results. In our findings, it was advantageous to use 5 µm GNP sheets in most of the cases. However, as far as flexural and impact strength is concerned, the 15-micrometer-sized sheets performed better. Thus, the new knowledge obtained from this study indicates “the smaller the size is, the better is the performance”. Increases in values of properties such as the tensile strength, tensile modulus, storage modulus, Tc, Tm, TD and TR were always higher for polypropylene filled with small-sized graphene sheets. It can be concluded that smaller graphene sheets have better nucleating ability, leading to enhanced crystallization temperatures. This is owing to the relatively high interfacial adhesion and area between the thin sheets and the PP matrix. The graphene nanoparticles build a new network inside the matrix, and boost the composite’s thermal properties, acting like a flame retardant. It may be concluded that the performance efficiency of GNP-infused polypropylene nanocomposites is greatly affected by its lateral size. Thus overall, small-sized graphene nanoplatelet sheets are recommended for wide-ranging performance.
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Figure 1. Captured FESEM images of graphene nanoparticles (a–c) H5, (d–f) H15 and (g–i) H25 at (a,d,g) ×25,000, (b,e,h) ×50,000 and (c,f,i) ×200,000 magnifications. 
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Figure 2. Relationship between tensile stress and strain for (a) Virgin PP, (b) PP-H5, (c) PP-H15 and (d) PP-H25 systems containing 1, 2 and 3 wt.% of GNPs. 
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Figure 3. Dependence of (a) tensile strength and (b) tensile modulus on the amounts of GNPs, and their lateral sizes. 
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Figure 4. Relationship between flexural stress and strain (a) PP and PP-H5, (b) PP-H15 and (c) PP-H25 systems at 10% flexural extension. 
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Figure 5. Dependence of (a) flexural strength and (b) flexural modulus on the wt.% and type of GNPs. 
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Figure 6. Dependence of nanocomposites on impact strength for different types of GNPs. 






Figure 6. Dependence of nanocomposites on impact strength for different types of GNPs.



[image: Inventions 08 00008 g006]







[image: Inventions 08 00008 g007 550] 





Figure 7. Impact fracture surface morphology of (a) virgin PP, (b–d) PP-H5 and (e–g) PP-H15 nanocomposites containing 1, 2 and 3 wt.% GNPs at ×500 magnification. 
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Figure 8. Impact fracture surface morphology of (a) virgin PP, (b–d) PP-H5 and (e–g) PP-H15 nanocomposites containing 1, 2 and 3 wt.% GNPs at ×5000 magnification. 
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Figure 9. X-ray diffractograms of PP, GNPs and the prepared nanocomposites. 
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Figure 10. DSC thermograms of the prepared nanocomposites; (a) heating cycle at full experimental range, (b–d) heating cycles from 140 to 190 °C and (e–g) cooling cycles from 100 to 150 °C. 
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Figure 11. TGA analysis of (a) PP and PP-H5, (b) PP-H15 and (c) PP-H25 systems. 
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Figure 12. Polarized optical micrographs of (a) PP, (b) PP-H5-3, (c) PP-H15-3 and (d) PP-H25-3 at 110 °C and ×50 magnification. 
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Figure 13. DMA results of the test samples, (a–c) storage modulus and (d–f) tan δ. 
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Table 1. Technical data sheet of the purchased GNPs.






Table 1. Technical data sheet of the purchased GNPs.





	
Grade

	
H5

	
H15

	
H25






	
Lateral Size, µm

	
5

	
15

	
25




	
Thickness, nm

	
15




	
Specific surface area, m2/g

	
50–80




	
Density, g/cm3

	
0.03–0.1




	
Total oxygen (O2) content, wt.%

	
<0.5




	
Total acid content, wt.%

	
<1
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Table 2. Fabricated nanocomposites and test specimen codes.
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Type of Filler

	
Filler Content wt.%

	
Sample Code






	
H5

	
1

	
PP-H5-1




	
2

	
PP-H5-2




	
3

	
PP-H5-3




	
H15

	
1

	
PP-H15-1




	
2

	
PP-H15-2




	
3

	
PP-H15-3




	
H25

	
1

	
PP-H25-1




	
2

	
PP-H25-2




	
3

	
PP-H25-3
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Table 3. Extracted data referring to mechanical strength.
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Sample Type

	
Tensile

	
Flexural

	
Impact Strength, J/m




	
Tensile Strength, MPa

	
Tensile Modulus (E), MPa

	
Flexural Strength, MPa

	
Flexural Modulus (E), MPa






	
PP

	
22.13 ± 1.5

	
1153.18 ± 22.7

	
36.898 ± 3.1

	
1042.307 ± 198.3

	
18.47 ± 2.3




	
PP-H5-1

	
34.33 ± 2.1

	
1473.40 ± 26.3

	
45.051 ± 3.8

	
1245.273 ± 221.3

	
34.65 ± 3.6




	
PP-H5-2

	
37.84 ± 2.8

	
1482.24 ± 24.1

	
47.280 ± 4.1

	
1450.694 ± 231.6

	
35.28 ± 3.3




	
PP-H5-3

	
41.18 ± 3.6

	
1549.21 ± 29.6

	
48.770 ± 5.3

	
1479.020 ± 230.5

	
36.69 ± 3.9




	
PP-H15-1

	
32.51 ± 1.1

	
1444.61 ± 25.8

	
45.213 ± 5.0

	
1257.010 ± 211.1

	
35.89 ± 2.8




	
PP-H15-2

	
35.38 ± 0.9

	
1455.76 ± 25.6

	
47.891 ± 4.6

	
1475.770 ± 257.6

	
37.60 ± 2.9




	
PP-H15-3

	
37.98 ± 0.6

	
1472.00 ± 28.3

	
49.469 ± 5.2

	
1650.661 ± 286.2

	
38.80 ± 3.8




	
PP-H25-1

	
29.21 ± 0.3

	
1442.29 ± 21.0

	
47.240 ± 4.9

	
1501.537 ± 246.2

	
40.15 ± 4.7




	
PP-H25-2

	
32.56 ± 1.2

	
1450.18 ± 21.9

	
48.981 ± 4.3

	
1651.612 ± 289.5

	
42.14 ± 3.2




	
PP-H25-3

	
34.96 ± 0.8

	
1461.89 ± 26.7

	
50.931 ± 5.4

	
1675.891 ± 281.9

	
42.88 ± 3.5
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Table 4. The thermal and crystalline characteristics of the produced nanocomposites.
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	Type of Sample
	Tc/°C
	Tm/°C
	Xc/%
	TD/°C
	TR/°C





	PP
	115.0
	162.4
	60
	250.6
	351.3



	PP-H5-1
	124.8
	164.1
	62
	341.3
	428.7



	PP-H5-2
	125.0
	164.6
	62
	350.1
	430.3



	PP-H5-3
	126.1
	167.3
	62
	352.8
	450.2



	PP-H15-1
	123.1
	163.2
	62
	300.6
	398.2



	PP-H15-2
	123.3
	163.9
	61
	340.1
	418.6



	PP-H15-3
	123.5
	166.0
	61
	352.3
	443.1



	PP-H25-1
	121.2
	162.5
	61
	278.3
	358.8



	PP-H25-2
	121.5
	162.8
	62
	301.4
	380.6



	PP-H25-3
	122.0
	165.1
	61
	320.6
	398.7
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