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Abstract

:

Polypropylene/polylactic acid (PP/PLA) blend (10–40% of PLA) and PP/PLA/MWCNTs nanocomposites (0.5, 1, and 2 wt% of MWCNTs) were prepared via melt compounding. Scanning electron microscopy revealed a co-continuous PLA phase in the PP/PLA blends with high PLA content. Moreover, the addition of 2 wt% multi-walled carbon nanotubes (MWCNTs) increased the tensile modulus and tensile strength of the PP/PLA40% by 60% and 95%, respectively. A conductive network was found with the addition of 2 wt% MWCNTs, where the electrical conductivity of the PP/PLA increased by nine orders of magnitude. At 2 wt% MWCNTs, a solid network within the composite was characterized by rheological assessment, where the composite turned from nonterminal to terminal behavior. Soil burial testing of the PP/PLA blend within 30 days in natural humus compost soil featured suitable biodegradation, which indicates the PP/PLA blend is as an appropriate candidate for food packing applications.
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1. Introduction


Since the last decades, polymer blends and composites have been used in different applications due to their significant electrical, mechanical, thermal, and biodegradation properties. The modification of polymers and composites has led to multiple applications, such as biomedical, energy storage, medical packaging, and food packaging [1,2,3,4,5,6,7,8,9,10,11]. Numerous studies in polymer blending have been conducted with inorganic polymers in which they remain non-degradable in landfills for centuries. Therefore, many studies have been focused on the substitution of the inorganic polymers with biodegradable ones, such as polyethylene glycol, polyethylene oxide, polylactic acid (PLA), polycaprolactone, and many others [12,13]. Furthermore, full substitution of petroleum-based polymers with the biodegradable ones is not cost-effective. Therefore, the fabrication of partially biodegradable polymer blends and nanocomposites is more rationale [10,14].



Polypropylene (PP) is a commodity polyolefin with an average molecular weight of 220,000 to 700,000 and a melt flow index range of 0.3 to 1000 g/10 min [15]. In addition, PP possesses significant chemical resistance in polar solvents, while it is dissolved in nonpolar solvents at high temperatures. The solid semi-crystalline regions in the PP structure melt at melting points around 130 to 170 °C depending on the degree of crystallinity [16]. The degree of crystallinity of the PP strongly affects the mechanical properties, where a higher crystallinity leads to greater stiffness, yield stress, and flexural strength [15].



On the other hand, PLA is known as a biopolymer that is used broadly in tissue engineering, drug delivery systems, food packaging, and (bio) medical applications [17,18]. It exhibits noticeable rigidity [19,20] and moderate gas permeability, which is similar to those of common polymers, such as polystyrene, polyethylene, polyethylene terephthalate, and PP. From the mechanical point of view, PLA behaves as a glassy polymer with high brittleness [21,22], featuring a tensile strength of 30 to 50 MPa and a tensile modulus of 2 to 4 GPa. However, the elongation at break of PLA is roughly low, in the range of 1% to 10%, depending on its molecular weight, enantiomeric purity, and the degree of crystallinity. The main drawback of the PLA relates to its poor toughness, which limits its applications in stressful conditions [14,23,24,25,26,27,28,29,30,31,32]. Therefore, to overcome the addressed limitations of PLA, the blending of the PLA with other polymers, such as polyolefins, as well as the composition of inorganic reinforcements with PLA and its blends can lead to the desired properties [33]. For example, the addition of PLA with PP led to an increase of tensile modulus and tensile strength but the elongation at break of PP declined from 500% to 50% when 50% of the PLA was added [34]. Maleic anhydride as a compatibilizer can make a strong bond between the phase components in styrene-ethylene butylene-styrene (SEBS)/propylene (PP) blend and their composites with glass fiber additive, and consequently resulted in a significant increase of the impact strength of the SEBS/PP composites [35]. In addition, the interfacial adhesion between the high-density polyethylene and polystyrene blend was improved using SEBS as compatibilizer, and the ductility of the polymer blend increased remarkably [36].



The role of several additives in the physicochemical properties of PLA composites has been studied [30,31,34,37,38,39,40,41]. For example, multi-walled carbon nanotubes (MWCNTs) are an ideal nanofiller with outstanding electrical, mechanical, and thermal properties [24,25,42,43,44,45]. The role of vegetal reed fibers and PP-g-MA compatibilizer on the mechanical properties of PP/PLA composites was investigated by Alain Bourmaud et al. and the outcomes revealed a significant increase of the tensile modulus due to a better filler dispersion and adequate interfacial interactions between the filler and the matrix [46].



The present study is focused on the mechanical, thermal, rheological, and electrical properties of PP/PLA/MWCNTs nanocomposites. The morphologies of the polymer blend and its composites are investigated by field emission scanning electron microscopy (FE-SEM). The chemical interaction between two immiscible polymers (PP and PLA) is also studied by Fourier-transform infrared spectroscopy (FT-IR). Mechanical properties, such as the tensile strength and tensile modulus, are studied to evaluate the stiffness and elongation at break of the polymer blends and composites. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are also conducted to assess the thermal properties of the prepared test specimens. The electrical properties of the nanocomposites are investigated across the disk test specimens. Eventually, the biodegradability of the blends is studied via the soil burial test.




2. Experimental


2.1. Materials


PP with a density of 0.81 g/cm3 and a melt flow index (MFI) of 3.2 g/10 min was supplied by Jam Petrochemical Co. PLA with a melting point of 158 °C, MFI of 17 g/10 min, density of 1.3 g/cm3, and molecular weight of 195,000 g/mol was supplied by Shanghai Jiaofu new materials technology Company with the trademark of JOYFUL. The MWCNTs filler was purchased from NANOCYLTM NC7000 with a surface area of 250 to 300 m2/g, average diameter of 9.5 nm, and average length of 1.5 μm with a carbon purity of 90%. The PP-g-MA copolymer with 16 mg KOH/g, MA content of 1 wt%, melt flow rate of 5.1 g/10 min, and molecular weight of 52,000 was used as a reactive compatibilizer, provided by Aria polymer pishgam Company (Isfahan, Iran). All materials were used as received.




2.2. Material Compounding and Sample Preparation


The MWCNTs, PP, and PLA materials were dried for 24 h at 70 °C in an oven to remove the residue of humidity before the compounding. Different PP/PLA blends consisting of several PLA contents and a chosen PP/PLA blend composite with different amounts of MWCNTs were prepared (Table 1). The diameter of the screw was 25 mm and the length to diameter ratio (L/D) was 40. The adjusted temperature profile along the melting zone was 180 to 210 °C (from the feed zone to die). Different PLA loadings were chosen (10, 20, 30, and 40 wt %), and 0.5, 1, and 2 wt% of the MWCNTs were added to the chosen blend to prepare the nanocomposites. The continuously extruded polymers were cooled with a cold-water trough and subsequently pelletized. The pellets were then compression molded into 1 mm thick sheets using a hydraulic press machine (Toyoseiki, model WCH, Tokyo, Japan) at 170 °C with a pressure of 10 MPa. The test specimens for mechanical analysis were prepared with an injection molding machine (Iman Machin, PAYA).




2.3. Characterizations of Blends and Nanocomposites


2.3.1. Field Emission-Scanning Electron Microscopy (FE-SEM)


The morphology of the PP/PLA blends and PP/PLA/MWCNTs nanocomposites were studied by a field emission scanning electron microscope (FE-SEM) (TESCAN, model MIRA3, Czech Republic). Each sample was cryo-fractured using liquid nitrogen at −100 °C and then coated with a 3 nm gold layer.




2.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR characterization was performed using a FT-IR spectrophotometer (Perkin-Elmer, model Spectrum RX 1, Boston, MA, USA) in the 400 to 4000 cm−1 wavenumber range with a resolution of 4.0 cm−1 and an average number of scans of 120.




2.3.3. Differential Scanning Calorimetry (DSC)


Thermal properties of the samples, including the crystalline temperature (Tc) and melting temperature (Tm), were measured by a differential scanning calorimeter (Perkin-Elmer DSC-6). Each sample was heated from 60 to 200 °C with a heating ramp of 10 °C/min and holding for 1 min at this temperature. Consequently, the sample was cooled down to 60 °C at the rate of 10 °C/min, and finally, the sample was heated again from 60 to 200 °C at the same heating ramp. The data from the first cooling and second heating step were acquired for the DSC analysis. The degree of crystallinity of the PP/PLA blend and PP/PLA/MWCNTs composites was calculated according to the Equation (1) [47]:


Xc=ΔHC(1−φ)ΔHm×100,



(1)




where ΔHm is the fusion heat of PP in the 100% crystalline state (ΔHC = 209 J/g) [47] and φ is the weight fraction of the filler in the composite.




2.3.4. Thermogravimetric Analysis


The thermal stability of the PP/PLA blends and PP/PLA/MWCNTs composites was examined by a thermal gravimetric analysis/differential thermal analysis (TGA/DTA )instrument (Perkin Elmer). The measurement was conducted with a sample around 10 to 15 mg, from 200 to 600 °C with a ramp of 20 °C/min under an argon atmosphere.




2.3.5. Mechanical Tests


Mechanical properties (tensile strength, tensile modulus, and elongation at break) were investigated by a universal testing machine, (Zwick/Roell, Ulm, Germany) according to the ISO 527-2 standard test method at room temperature. The crosshead speed was 50 mm/min in all tests. Five replicates were tested for each sample and the average values were reported.




2.3.6. Rheological Measurements


The dynamic rheological properties of the PP/PLA blends and PP/PLA40/MWCNTs nanocomposites were measured by a rheometer (MCR301, Anton Paar GmbH, Graz, Austria) using parallel plate geometry. Measurements were carried out in the mode of frequency sweep in the range of 0.01 to 100 (rad/s) with a fix strain amplitude of 1% at the temperature of 185 °C.




2.3.7. Electrical Properties


The AC electrical properties of the PP/PLA/MWCNTs nanocomposites were measured using broadband dielectric spectroscopy (novocontrol, Montabaur, Germany) at room temperature over a wide range of frequencies from 0.1 to 1 MHz. A disk sample with a thickness of ~ 1 mm and a diameter of 30 mm was placed between two electrodes of brass and subjected to a 3 Vrms electric field.




2.3.8. Blend Biodegradability


A soil burial test was used to measure the released CO2 content (mg CO2/g dry soil) resulting from an aerobic biodegradation for the blend samples, in accordance with the ASTM D 5988 test method. First, 2 × 3 cm2 sheets were inserted into 200 mg soil with the specific field capacity (water content) of 50% to 60%. In total, 20 mL of 0.5N NaOH solution in a 50 mL beaker, and 50 mL of distilled water in a 100 mL beaker were placed in the desiccator. The NaOH solution was utilized to trap the released CO2. Then, it was sealed and maintained in a dark cabinet at 28 °C. At the predetermined time points, the NaOH solution was titrated by 0.1 N HCl acid and phenolphthalein as the indicator and two or three droplets of BaCl2 solution, which facilitates the titration process. The released CO2 in the PP/PLA systems was measured using Equation (2) [48]:


 CO2(mg)/dry soil (g)=(V0−V1)·NWd×22,



(2)




where V0 and V1 are the volumes of consumed acid (mL) in the control and studied samples, respectively. Also, N, Wd, and the number of 22 were the normality of the used acid, the weight of dried soil, and the weight (mg) of one equivalent of CO2, respectively.






4. Results and Discussion


4.1. Characterization and Morphology


The FE-SEM morphology images of the PP/PLA blends are shown in Figure 1. For the PP/PLA10%, the PLA spherical-domains were more and less uniformly dispersed throughout the PP matrix, but due to the greater viscosity of PP, the PLA spherical-domains were observed as being nicely dispersed and aggregated (Figure 1c). The loading of more PLA content was found to form a co-continuous PLA phase within the PP/PLA, as can be seen in Figure 1d–f. The formation of the co-continuoues blend can be attributed to the effect of compatibilizer (PP-g-MA) on the interfacial interaction between two immiscible polymers and better compatibility of the constituents. In addition, the increase of the PLA content led to smaller-sized PLA spherical-domains and a greater polydispersity (Figure 1f). Then, this causes a higher compatibility between the PP and PLA polymers.



The dispersion of the MWCNT filler in the PP/PLA40/MWCNTs is shown in Figure 2. The FE-SEM images depicted a good dispersion of MWCNTs within the PP/PLA matrix. It is distinguishable that most of the individual MWCNTs were fully dispersed within the composite’s structure. Furthermore, MWCNTs at the 2 wt% addition (Figure 2c) were randomly aligned, locally forming interconnecting structures. In addition, the nanostructure morphology of the composites revealed that MWCNTs agglomeration did not take place in the PP/PLA/MWCNTs matrix.




4.2. FT-IR Spectroscopy Analysis


FT-IR spectroscopy was used to investigate the potential interaction of PP-g-MA with PP and PLA. Figure 3 shows the FT-IR spectra of the PP/PLA blends, compared to the PP and PLA. The PP spectra revealed several peaks at 2950 to 2838, 1450 to 1453, and 1376 cm-1 that were designated to C-H stretching, –CH3 bending, and C–H bending, respectively. The PLA spectra showed three peaks at 1755, 1290, and 1195 cm-1 corresponding to C=O stretching, symmetric C–O–C stretching, and asymmetric CH3, respectively. A characteristic peak appeared at 1749 cm-1 for all PP/PLA blends, which is assigned to the stretching of the ester group (–COO) in which the chemical interaction of the anhydride group of PP-g-MA with the carbonyl group existing in PLA formed a new linkage, indicating the compatibility of PP/PLA blends. By an increase of the PLA content, the intensity of ester linkage transmission bands increased continuously, which is associated with the higher content of ester linkage formation and better compatibility.




4.3. Thermal Properties


To investigate the thermal properties of PP/PLA blends and PP/PLA40/MWCNTs nanocomposites, a DSC experiment was carried out, and the heating and cooling thermograms are shown in Figure 4. As can be seen in the quenching thermograms, no crystalline peak was detected for the PLA polymer, while the PP displayed a remarkable peak at ~115 °C. The crystalline temperature for the PP/PLA blends was detected with no significant change, but the MWCNTs nanofillers acted as a nucleating agent in the nanocomposite structure, where a slightly higher fusion’s enthalpy was found for the nanocomposites (Figure 4a). Both PP and PLA samples showed approximately close melting points at 159 °C and 158 °C, respectively. Polymer blending of PP with PLA depicted a fairly constant melting point. A slight increase in the melting point of PP/PLA40/MWCNTs composites with the addition of MWCNTs filler (Table 2) was detected due to possible physical interactions between the PP/PLA blend and the filler (Figure 4b) [8]. The degree of crystallinity of the PP/PLA blend and its composites with MWCNTs is listed in Table 2, and somehow no significant change occurred in the degree of crystallinity of the test specimens.




4.4. Thermogravimetric Analysis (TGA) Results


The thermal stability of the PP/PLA blends and PP/PLA/MWCNTs nanocomposites were investigated with TGA, and the results are shown in Figure 5 and Table 2. As indicated, the onset temperature of the PP/PLA blends was found to be slightly greater than the PLA’s. As the temperature increased, the first significant weight loss was revealed, which can be ascribed to the vanishing of the ester groups in the PLA structure. Another significant weight loss was observed, starting at ~380 °C, which can be attributed to the decomposition of the PP polymer. The loading of MWCNTs increased the onset thermal stability of PP/PLA40%, indicating the greater thermal stability of the nanofiller, as well as the possible physical interactions between PP and PLA with the nanofiller [49,50]. The accuracy of the filler content in the nanocomposites was examined by TGA, as indicated in Table 2, and the remaining ash at 500 °C to some extent was equal to the corresponding prepared nanocomposites.




4.5. Mechanical Properties


The role of the PLA in the PP/PLA blends and MWCNTs nanofiller in the PP/PLA40/MWCNTs nanocomposites was characterized in terms of the mechanical properties. The stress at break, tensile modulus, and elongation at break of the blends and nanocomposites are shown in Figure 6a–c and Figure 7a–c, respectively. The results showed that the stress at break and tensile strength of PP/PLA blends improved with the increase of the PLA content thanks to the higher tensile modulus of the PLA, compared to the PP matrix [21]. The compatibilizer bridged two immiscible polymers, forming a strong chemical bond, as proven by the FT-IR analysis. In addition, the SEM images showed further interaction between PP and PLA phases happened as the size of minor domains (PLA) decreased. Also, the addition of a higher PLA content (20, 30 and 40 wt%) in the PP/PLA blend resulted in the formation of a co-continuous phase of PLA (see Figure 1d–f). Thus, as observed, the mechanical properties of polymer blends were strongly intensified with greater intrinsic properties of PLA, increasing the PLA content as well as the existence of the compatibilizer. However, the elongation at break of the PP/PLA blends revealed the opposite trend with increasing the PLA contents due to the low elongation at break of PLA compared to that of PP.



The addition of MWCNTs filler (0.5, 1, and 2 wt%) increased the tensile modulus and stress at break of the test specimens continuously. This is explained by the reinforcement effect of MWCNTs fillers in the nanocomposite structure and noticeable friction between the nanotubes and polymer chains. Thus, the addition of 2 wt% of the MWCNTs increased the tensile modulus of PP/PLA40/MWCNTs up to 60%. Furthermore, noticeable improvement of tensile strengths (~90%) was observed as 2 wt% of the MWCNTs was composed of the PP/PLA40%. The elongation at break of PP/PLA/MWCNTs composites also increased with the addition of MWCNTs nanofiller, which can be attributed to the interfacial adhesion between the PP/PLA and MWCNTs (Figure 7) [51].




4.6. Rheology Properties


A small amplitude oscillatory shear (SAOS) test was carried out to obtain a broader overview of the solid network formation within the composites. The rheological parameters, such as the dynamic storage modulus (G’), and complex viscosity (η*), of PP/PLA40% and its nanocomposites with 0.5, 1, and 2 wt% MWCNTs content are shown in Figure 8a,b. As can be seen, the polymer chains in the PP/PLA40% and nanocomposite at low filler contents (0.5 wt%) were fully relaxed and indicated a non-terminal behavior due to deformation of the interface under oscillatory shear flow. PP/PLA40/MWCNTs 1% was found to show a higher storage modulus and complex viscosity than the PP/PLA blend and PP/PLA40/MWCNTs 0.5 % due to the formation of a partial filler network within the composite. However, with the addition of more MWCNTs filler, the polymer chains in PP/PLA40/MWCNTs 2% were further restrained and restricted, leading to a plateau region at the low frequency, which is attributed to the formation of the MWCNTs network filler [52]. The former sign is known as terminal behavior in composites, which gives an overall clue regarding the percolation threshold in the composite structure [52]. The addition of MWCNTs led to an increase in the viscosity of the PP/PLA blends. The main reason behind this observation could be the formation of interconnected networks and decreased mobility of the chains [53].




4.7. Electrical Properties


The AC electric responses (real and imaginary permittivity) of the PP/PLA40% and PP/PLA40/MWCNTs composites are shown in Figure 9. A relaxation peak (α–relaxation peak) at around 10 kHz appeared that is addressed by segmental motions in the PLA polymer when PP/PLA40% was subjected to an electric field [54]. The loading of MWCNTs nanofiller increased the complex permittivity of the nanocomposites. When the MWCNTs content reached 2 wt% (percolation threshold), a significant rise in the electrical conductivity was found, which is attributed to the charge carried by the electric network within the PP/PLA40/MWCNTs nanocomposites [55,56,57,58,59]. Therefore, as seen in Figure 9b, the imaginary permittivity of the electric response was dominated by DC conductivity and led to an increase of nine orders of magnitude from 10−10 for the PP/PLA blend to 10−1 (S/m) for the PP/PLA40/MWCNTs 2% (Figure 10).




4.8. Biodegradability of Polypropylene/Polylactic Acid (PP/PLA) Blends


The biodegradation of PP/PLA blends via weight loss of the PP/PLA samples was carried out using a long-time soil burial test. Usually, those polymer blends do not reveal a mass loss of up to 39 weeks (±5%). So, it is necessary to investigate the biodegradability of samples qualitatively (visually) or quantitatively (indirectly). The biodegradability of the PP/PLA blends (Figure 11) was measured by calculating the amount of the released CO2 from the PLA degradation. The soil burial degradation of the PLA, as reported in previous studies [42,60], followed by two consecutive steps. First, the PLA chains with the higher molecular weight were hydrolyzed [61] and second, the polymer chains were broken down into the lower molecular weight chains. Several parameters, such as acidic or basic moieties, moisture, or temperature, can accelerate the biodegradation process. Thus, to boost the hydrolysis, some microorganisms existing within the compost could boost the degradation, possibly by the hydrolysis disintegrating the ester groups and, ultimately, transforming the shorter chains to the water, CO2, and humus [62]. The PP/PLA40% blend showed the highest biodegradation rate due to the higher content of the biodegradable PLA polymer. The results demonstrated that the process of biodegradation was not completely linear, and it obeyed an exponential trend. We did not study the biodegradation of PP/PLA/MWCNTS nanocomposites as one of our aims in this study was to use this blend in food packaging applications. As shown previously, the MWCNTs have toxic properties, which can inhibit their application in food packaging [63,64].





5. Conclusions


In the present work, PP was blended with different contents of PLA and one polymer blend of PP/PLA was tailored to MWCNTs. The findings revealed that the PLA part of the PP/PLA blend can be degraded when it is subjected to a moisturized environment. Thus, this blend is suggested as a suitable biodegradable candidate for food packaging applications. The PP/PLA40% blend was chosen to improve its mechanical, electrical, and thermal properties via the addition of MWCNTs. The outcomes depicted a significant increase in the tensile strength (approximately 95%) for the PP/PLA40/MWCNTs2% with respect to the PP/PLA40%. The loading of 2 wt% of MWCNTs filler increased the electrical conductivity of the composites remarkably and this change was characterized by observing a percolation in the composite at this filler content.
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Figure 1. The FE-SEM micrographs of (a) PP, (b) PLA, (c) PP/PLA10%, (d) PP/PLA20%, (e) PP/PLA30%, and (f) PP/PLA40%. The scale bar represents 100 μm. 
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Figure 2. FE-SEM images of (a) PP/PLA40/MWCNTs 0.5%, (b) PP/PLA40/MWCNTs 1%, and (c) PP/PLA40/MWCNTs 2%. The scale bar equals 500 nm. 
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Figure 3. The FT-IR spectra of PP, PLA, and PP/PLA blends over the wavelength range from 400 to 4000 s−1. 
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Figure 4. Differential scanning calorimetry (DSC) thermograms of PP, PLA, PP/PLA blends, and PP/PLA40/MWCNTs composites, (a) cooling and (b) second heating step. 
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Figure 5. The thermogravimetric analysis (TGA) plot of the PP/PLA blend and PP/PLA40/MWCNTs nanocomposites at temperatures from 200 to 600 °C. 
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Figure 6. Mechanical properties of (a) stress at break, (b) tensile modulus, and (c) elongation at break of PP, PP/PLA blends, and PLA. 
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Figure 7. Mechanical properties of PP/PLA40/MWCNTs nanocomposites: (a) the tensile strength, (b) tensile modules, and (c) elongation at break. 
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Figure 8. Rheological properties; (a) dynamic storage modulus (G’) and (b) complex viscosity (η*) of PP/PLA40% and its nanocomposite with 0.5, 1, and 2 wt% MWCNTs filler over the frequency range of 0.01 to 100 Hz. 
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Figure 9. The electric response of PP/PLA40/MWCNTs composites: (a) real permittivity and (b) imaginary permittivity of nanocomposites at room temperature at the range of frequency, 0.1–1 MHz. 
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Figure 10. The electrical conductivity of PP/PLA40/MWCNTs nanocomposites as a function of the filler content. 
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Figure 11. CO2 release versus time (week) as a criterion of the biodegradability of PP and PP/PLA blends. 
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Table 1. The labeled samples with the ratio of the polymers in the blend, as well as the filler content in the nanocomposites.
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	Labeled Sample
	PP (wt%)
	PLA (wt%)
	PP-g-MA (wt% of PLA)
	MWCNTs (wt% of Total Sample)





	PP
	100
	0
	0
	0



	PLA
	0
	100
	0
	0



	PP/PLA10%
	90
	10
	1
	0



	PP/PLA20%
	80
	20
	2
	0



	PP/PLA30%
	70
	30
	3
	0



	PP/PLA40%
	60
	40
	4
	0



	PP/PLA40/MWCNTs 0.5%
	60
	40
	4
	0.5



	PP/PLA40/MWCNTs 1%
	60
	40
	4
	1



	PP/PLA40/MWCNTs 2%
	60
	40
	4
	2
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Table 2. DSC and TGA results: crystalline point, melting point, T5% (°C), T50% 5%, and the remaining ash at 500 (°C) of the PP, PLA, PP/PLA blends, and PP/PLA/MWCNTs nanocomposites.
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Sample

	
DSC

	
TGA




	
Tc (°C)

	
Tm (°C)

	
Xc (%)

	
T5% (°C)

	
T50% (°C)

	
Ash Percent at 500 (°C)






	
PP

	
115

	
159

	
50.5

	
340

	
450

	
0




	
PLA

	
-

	
158

	
-

	
290

	
390

	
0




	
PP/PLA10%

	
117

	
159

	
50.1

	
293

	
420

	
0




	
PP/PLA20%

	
117

	
159

	
49.8

	
295

	
423

	
0




	
PP/PLA30%

	
117

	
158

	
49.6

	
296

	
426

	
0




	
PP/PLA40%

	
117

	
158

	
49.7

	
350

	
428

	
0




	
PP/PLA40/MWCNTs 0.5%

	
118

	
161

	
49.8

	
352

	
445

	
0.4




	
PP/PLA40/MWCNTs 1%

	
118

	
162

	
50.3

	
353

	
447

	
0.9




	
PP/PLA40/MWCNTs 2%

	
118

	
163

	
50.5

	
355

	
448

	
1.9
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