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Abstract. 
By the example of polypropylene-organic montmorillonite composite (PP-OMMT), the abilities of the method of equal channel multiangular extrusion have been studied with respect to the modification of the structure and the properties of polymeric nanocomposites. With using X-ray structure analysis, TEM, DSC, and dilatometry, it has been demonstrated that this kind of processing provides an additional intercalation of the polymer into OMMT tactoids with the succeeding exfoliation and facilitates an increase in the aspect ratio, the degree of platelet orientation, the crystalline lamellar thickness, and a decrease in the dispersion of the crystallite thickness, as well as the formation of biaxial orientation of the OMMT and PP crystals. The observed structure rearrangements determine enhanced microhardness, ductility, and the heat distortion temperature of the PP-OMMT composite. 



1. Introduction
Polymeric nanocomposites are of substantial scientific and practical interest due to possible formation of an enhanced level of physical and mechanical properties at extremely low content of a nanofiller [1]. The reason is creation of nanoscale structures where the filler particles are well stratified and dispersed within the polymer matrix. The efficiency of property enhancement is determined by the filler shape, strain-strength characteristics, the aspect ratio, volume fraction, and interfacial adhesion [2, 3]. A special attention is attracted by layered nanofillers like montmorillonite, zirconium phosphate, and graphene that are composed of thin (~1 nm) plate-like structures characterized by high surface area and aspect ratio. Being used as the second phase, they allow increase in the elasticity modulus and the yield strength, the heat distortion temperature, enhancement of gas barrier properties, flame retardancy, and UV resistance of polymeric composites [4].
Recent research efforts have focused on production of well-exfoliated nanocomposites with using various processing techniques, for example, in situ polymerization, emulsion polymerization, melt compounding, and sol-gel processing methods [5–16]. Unfortunately, no one provides control of the structural parameters of both the nanofiller (filler aspect ratio and orientation) and the polymeric matrix (crystalline lamellar thickness and lamellar orientation), to obtain additional facilities of the control of the morphology and the properties of polymer nanocomposites.
The studies [17–23] have shown that equal channel angular extrusion (ECAE) process permits alternation of the nanofiller aspect ratio and orientation, as well as the crystalline lamellar ones. In particular, it has been shown that, in semicrystalline polymer-based nanocomposites, the alignment of nanosized clay layers by ECAE has an effect on the nanoscopic orientation of crystalline lamellae, structural parameters of the nanoclay, and the polymer in nanocomposites. Some studies report that the ECAE can control the clay orientation in the composites, depending on the processing routes [19, 20, 23]. After processing the one-pass ECAE, the nanoclays were shortened, well-aligned, and closely packed, and the crystalline lamellae were compressed and diagonally well oriented. The two-pass ECAE process with a 180° rotation between the passes results in a random dispersion of the nanoclay particles and the recovery of the packed nanoclay interlayer spacing and the compressed lamellar long period. Creasy and Kang [18] found that ECAE can control the fiber orientation and the length of glass fiber/polyacetal composites, depending on the processing routes. Li et al. [22] also noticed that controlled nanoparticle orientation and effective exfoliation could be easily achieved through ECAE.
A promising variant of ECAE aimed at the structural modification of polymers and polymeric composites is equal channel multiple angular extrusion (ECMAE) that provides modification of the spatial orientation of the shear planes, the intensity, and the value of the accumulated strain per one pass [24]. By ECMAE, a unique set of the properties can be formed in semicrystalline polymers: high density and strain-stress characteristics combined with the minimum anisotropy [25–27].
The present paper is aimed at the study of ECMAE abilities with respect to the modification of the structure and the properties of a polymeric nanocomposite, namely, polypropylene-organic montmorillonite (РР-OММТ).
2. Experiment
2.1. Materials
Isotactic PP (Moscow Naphta Processing Plant, Russia) with a melt flow index of 0.6 g/10 min (2.16 kg, 230°C, ASTM D1238), Mw = 6.3 × 105 g/mol, and Mw/Mn = 3.5 was used as the polymers matrix. The modified montmorillonite (Cloisite 20A) produced by Southern Clay Products, with the particle size within the range of 6–8 μm, was used as the filler.
2.2. Sample Preparation
Preparation of the Nanocomposites. The composites were prepared by the melt mixing in a two-roller mixing chamber (Institute of Chemical Physics, Moscow, Russia) at 453 K and with a rotor rotation speed of 90 rpm. First, PP was melt-blended with stabilizers of the thermooxidative degradation (0.3 wt.% of topanol and 0.5 wt.% of dilauriltiodipropionate) for 3 min. Then the OMMT was added slowly over 3 min, and the mixture was compounded for 10 min. The filler concentration was 5 vol.%, permitting obtaining the original composites characterized by the dispersion of the OMMT particles within the polymeric matrix and the optimum combination of stress-strain characteristics.
Procedure of Pressing of the ECMAE Billets. The composites were heated up to 433 K in a closed mould of 15 mm in diameter. The composites were heated in the closed mould up to 433 K, thermostated at  K for 10 min, and air-cooled down to 323 K under the pressure of 10 МPа. The cooling rate was ~1.2–1.4 deg./min. 
Equal Channel Angular Extrusion. Equal channel multiple angular extrusion was performed to alter the aspect ratio and orientation of the polymer matrix and clay nanoparticles. In Figure 1, the scheme of ECMAE is presented. A polymeric billet is extruded through the device composed of a few pairs of the channels of the same diameter that intersect at the set angles . To fix the direction of the billet motion, the inlet and outlet channels are vertically coaxial. The oblique channels are pairwise located in the planes that can be rotated through the vertical axis to realize different routes of deformation (the variants of spatial evolution). ECMAE was carried out at deformation intensity ΔΓ = 0.83, the accumulated strain ε = 4.4, the extrusion temperature of 413 K, and the extrusion rate of 0.6 mm/s. As a deformation route, route  was selected, where the pairwise connected oblique deforming channels were in perpendicular planes rotated through the vertical axis in increments of 90°, being separated by the vertical channels (Figure 1); the detailed description was reported in [27]. The above processing condition allowed for the generation of maximal physical and mechanical properties of the РР matrix. Both the extrudates and the original billets were of the cylinder shape of 15 mm in diameter and 50 mm in length.




	
	
		
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
				
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
				
					
				
			
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
				
			
				
		
	


Figure 1: Scheme of ECMAE process: 1: die; 2: punch; 3: polymeric billet; 4: sacrified billets.


2.3. Characterization
2.3.1. Microhardness Test
Microhardness  was determined using a microhardness tester of the PMT-3 type. For , the relative error was not higher than 5%. The uniformity of  distribution over the sections of extrudates was estimated by the value of dispersion  calculated as , where  was the number of measurements,  was the result of an individual measurement of the microhardness value, and  was the average microhardness value. The anisotropy of microhardness  was found as , where  and  were the average values of microhardness in the transverse and longitudinal sections, respectively [28].
2.3.2. Tensile Testing
The characteristics of the mechanical properties of the materials before and after ECMAE (modulus of elasticity , yield strength , tensile strength , and strain at break ) were measured by the universal test installation by “JJ Instruments T5K” at the room temperature (294 K) in the uniaxial tension mode. The deformation rate was 1 min−1.
2.3.3. Differential Scanning Calorimetry (DSC)
The thermal characteristics were probed with DSC DSC-204 F1 differential scanning calorimeter (“Netzsch”, Germany) during heating from 293 K to 453 K at the rate of 5 deg./min in argon flux. The specific heat flow from the melting peak (W/g) was corrected for the mass of PP in the nanocomposite. The PP matrix crystallinity  in the nanocomposites was calculated with the value of melting enthalpy; for 100% crystalline, PP was 209 J/g.
2.3.4. Dilatometry
The changes in linear dimensions of specimens cut in longitudinal and transverse directions with respect to extrudate’s axis were determined by a dilatometer DIL 402 РС/4, Netzsch, the heating rate was equal to 1 deg./min.
2.3.5. Transmission Electron Microscopy (TEM)
TEM was performed with using JEM-200А by “JEOL” under the accelerating voltage of 200 kV. The replica of the fracture surface was obtained as follows. The roentgen film (the matrix) was wetted by acetone and sticked on the fracture surface. After the drying, the film was separated and a thin carbon layer was applied on the obtained pattern. The test of the carbon replica was made after the separation from the matrix.
A semiautomated image analysis scheme was carried out to quantify the morphological variations in the nanofiller structures. Three different TEM images from three different regions of a sample were used to ensure the statistical significance of the image analysis scheme. The aspect ratios () of dispersed platelets were determined bywhere  was the mean platelet length and  was the mean platelet thickness.
The degree of platelet orientation  was defined aswhere  was the actual platelet orientation (0° ≤≤ 90°) and  was the mean platelet orientation.
2.3.6. Wide-Angle X-Ray Scattering
The X-ray diffraction (XRD) studies were done by the method of wide-angle X-ray scattering with using a X-ray diffractometer. Mn-filtrated -radiation was used in this case. The patterns were taken in the diffraction mode (the Bragg-Brentano focusing). To evaluate the degree of crystallinity correctly, the method of artificial randomization was applied. The method implied cutting of the tested material by a sharp blade into the pieces of  mm in size that were placed into a cavity, 4.0 mm thick. As compared with other methods of reduction, the selected randomization minimized the impact of shear stresses and the local heating on the structure of the material.
Using Matthews method, we evaluated the relative crystallization degree  by the following formula:where  was the area below the crystal reflexes and  was the total area below the coherent scattering curve.
To estimate the function of space orientation of crystallites, the scanning was accomplished in increments of 5° by sample rotation in the azimuthal direction from the angle corresponding to the direction normal to the extrudate axis (these are angles of 90° and 270°). The detector was fixed at the scattering angle corresponding to the top of a diffraction maximum with an index of 110 with the top at 14.14°. As a measure of the total share of oriented material, the ratio of integral intensities of azimuthal scanning, , within the angle range from 0° to 180° was used, being separated from isotropic scattering to the total integral intensity.
3. Results and Discussion
In Figure 2, wide-angle diffraction patterns of the original OMMT, PP-OMMT composite before and after ECMAE are presented. The main specific feature of the curve of OMMT wide-angle scattering is the existence of an intensive maximum with the peak at the scattering angle of 3.2 degrees that corresponds to the periodicity of 2.76 nm. Besides the crystal maximums typical of PP, the PP-OMMT composite produced by melt mixing is characterized by a substantial low-angle diffusion component in the angular range from the minimal registered angle to approximately 7 degrees and the diffraction maximum of OMMT at 2.3 degrees associated with the periodicity of 3.84 nm. The presence of the above component is not characteristic of the neat PP, being related to the presence of nanodispersed material of the filler. In the case of ECMAE, a substantial (two- or threefold) reduction of the integral intensity of the low-angle contribution of the nanofiller and the vanishing diffraction maximum of OMMT are registered that can be the results of the succeeding increase in the interlayer periodicity of OMMT and the shift of the maximum to the low-angle region out of the reach of the used diffractometer, respectively. The observed changes in the form of the wide-angle diffraction patterns of the tested materials are evidences of the fact that the melt mixing determines the intercalation of the fragments of polymer molecules to the interlayer space of OMMT, and the succeeding ECMAE results in the further increase in the degree of intercalation and facilitates the effective exfoliation of the tactoids of the nanofiller. The last statement is confirmed by the results of ТЕМ studies.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: XRD patterns of OMMT and PP-OMMT composites.


TEM images indicating the nanoclay structures of the initial and ECMAE-processed nanocomposites demonstrate that, in the original PP-OMMT composite, the thickness of the layer of the filler particles is about 60–90 nm (Figure 3(a)). ECMAE processing results in the reduction of the thickness down to 15–30 nm (Figure 3(b)).
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(b)
Figure 3: TEM micrographs of the structure of PP-OMMT: (a) the initial one; (b) after ECMAE.


Morphological alterations of the nanoclays (the aspect ratio  and the degree of platelet orientation ) with respect to the ECMAE passes were observed (Table 1). After the ECMAE process, an increase in the nanoclay aspect ratio as well as in the degree of platelet orientation was registered.
Table 1: Structural, physical, and mechanical characteristics of the PP-ОMMT nanocomposite.
	

	Treatment		, deg.					 	, %				
	MPa	/	
	

	Melt mixing	90	36	2.17	0.07			1.30		0.48	0.42	397	439
	ECMAE	150	51	0.53	0.03			0.92		0.52	0.42	418	442
	



According to the filler-based micromechanical concepts [29, 30], an increase in the aspect ratio  and a reduction of the orientation  of the nanoclays should be accompanied by an increase in the modulus of elasticity and the tensile strength of the composites. At the same time, the determining factor of the above characteristics is the aspect ratio. Table 1 demonstrates the results of the measurements of the microhardness and the mechanical tensile tests. It is seen that the microhardness and the tensile strength of the composites are increased after the ECMAE processing and the elasticity modulus is slightly reduced. An increase in the tensile strength correlates to the aspect ratio enhanced in the course of ECMAE processing due to the reduced thickness of the layer of the particles with the particle length conserved. A decrease in the modulus of elasticity can be related to both increased degree of platelet orientation and weakened “reinforcing effect” of nanoparticles. The last fact is confirmed by the character of the change of the ratio of the elasticity moduli of the original PP () and PP-OMMT composite before and after ECMAE, , and , respectively (Table 1). It is seen that the relative modulus of elasticity ; at the same time . Furthermore, from Table 1 it is evident that ECMAE also decreases the value of microhardness dispersion  over the cross section of the extrudate compared with the initial composite, due to the more uniform distribution of nanofiller in the polymer matrix.
Enhancement of the ductility (strain at break) of the PP-OMMT composites after ECMAE (Table 1) is probably determined by an increase in the degree of platelet orientation and the formation of a biaxially oriented structure providing conserved plasticity of the polymeric matrix after ECMAE processing [26, 27]. As shown in [27, 31], the reason is that a net of interwoven fibrils is formed in the extrudates of semicrystalline polymers with the biaxially oriented structure. The net suppresses the evolution of the main crack and provides successive involvement of two groups of the oriented macromolecules into the process of plastic flow in the course of tension. In the case of PP-OMMT composites, an assumption about the biaxial orientation of the fibrils is confirmed by low anisotropy of microhardness (Table 1), the data of X-ray structure analysis, and the results of dilatometry.
In Figure 4, the functions of spatial orientation of OMMT and PP crystals in composites produced by melt mixing and ECMAE are presented. It is seen that, in the case of melt mixing of composites, a uniform distribution of the orientation directions of PP crystals takes place, being accompanied by an insignificant preferred orientation of OMMT crystals over the composite volume. In ECMAE-processed composites, formation of well-defined directions of the preferred orientations of the PP and OMMT crystals is observed. An evidence is the emergence of the related peaks at the аzimuthal intensity profiles. The position and the height of the peaks determine the corresponding directions of preferential orientation and the part of the oriented crystals. It is seen that the OMMT crystals are mostly aligned with the longitudinal axis of the extrudate and normal to it. At the same time, the PP crystals deviate at an angle of 30° from the orientation of the OMMT crystals. The total angle between two preferential orientations of both ОММТ and PP crystals is about 90°, that is, an evidence of formation of biaxial character of orientation. It should be also noted that, at the same time, a uniform distribution along the related directions of the preferred orientation is registered, being confirmed by the same intensity of the peaks.
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(b)
Figure 4: The results of azimuthal scanning of the detector located at fixed scattering angles.


In Figure 5, temperature dependencies of the relative elongation ( where  is the initial length of the specimen,  is the current length of the specimen during heating, and  is the temperature) of the PP-OMMT samples cut in the longitudinal and transverse direction with respect to the extrudate axis are presented. Contrary to the behavior of  of the original sample (the length increases due to the thermal expansion when the temperature grows), the samples cut of the composite subjected to ECMAE are characterized by the reduced  within the whole tested temperature range. At the same time,  of the samples cut in the longitudinal and transverse direction with respect to the extrudate axis almost coincide.




	
	
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		


Figure 5: Temperature dependencies of the elongation of the PP-OMMT. LD is the longitudinal direction; TD is the transversal one.


According to [27], the reason can be the formation of a net of elongated polymeric chains within extrudates. The chains are distributed evenly in two perpendicular directions, being of a comparable degree of molecular orientation. It should be noted that, in the case of the composite exposed to ECMAE, an increase (from 374 K to 383 K) in the upper limit of the temperature range, where  is constant, is observed, that is, the heat distortion temperature growths, as compared to the original composite.
Formation of orientation order in a polymeric matrix is also responsible for an increase in the microhardness and the tensile strength. However different changes on the relative modulus of elasticity of composites before and after ECMAE (Table 1) are the evidences of the fact that orientation of the transition layers results in their partial softening and/or mechanical destruction.
Reference [32] considers three main types of dependencies of  on the volume filling degree : the perfect bond between the matrix and the filler (case I), an absence of adhesion and the presence of the friction force between the matrix and filler particles (II), and an absence of adhesion and friction force (III). These dependencies are given in the form of the ratio of the composite modulus  and the polymer matrix  as a function of  φ. In the first case, one observes a considerable increase of /  with the growth of  φ. In the second case, there is a small increase, and a decrease in /  is found in the third case. The decrease in  caused by the above facts prevails over the increase in  achieved by the orientation of the polymer matrix macromolecules. This assumption is confirmed by the decrease in  after ECMAE due to reduction of the adhesion strength in the polymer-filler, as mentioned above.
It is known that the lamellae orientation in the dispersed platelets may also affect the polymer matrix morphological features, such as crystalline lamellar thickness and crystallinity. The performed WAXS and DSC tests (Figure 6) have shown that the degree of crystallinity and the melting peak temperature  are weakly changed in composites after ECMAE, but the onset temperature  is substantially increased and the width of the melting peak is reduced (Table 1). It can be supposed that higher values of  are related to the enhanced part of larger crystallites and/or the degree of their perfection in extrudates as compared to the original composites because of destruction of the thinnest crystallites and/or strain-induced crystallization [33–35]. Reduced peak width is an evidence of lower dispersion of the crystallite thickness.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		


Figure 6: DSC traces for specimens of PP-OMMT.


The schemes of the main structural features responsible for the formed set of physical and mechanical characteristics in the case of composites produced by melt mixing and melt mixing completed with ECMAE are presented in Figure 7. According to the model suggested by Ma et al. [21], the clay platelets with their planes are oriented along either the shear direction or the major strain axis. The orientation of the clay layers induces the orientation of molecular chains and crystal lamellae. Besides, the orientation of crystal lamellae lags behind that of the macromolecular chains, which is almost oriented along the direction of clay layers. On this basis, it can be supposed that, in the first case, the structure of the composite is composed of a disoriented polymeric matrix and almost randomly oriented particles of OММТ (Figure 7(а)). In the second case, biaxial orientation of elongated polymeric chains is found, being combined with orthogonal character of the distribution of exfoliated particles of the filler that are characterized by a higher aspect ratio (Figure 7(b)). This type of the structure determines enhanced values of microhardness and the heat distortion temperature of composites. Besides, an enhanced impact strength is expected to be provided [36].




	
	
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


Figure 7: Schematic structures of the PP-OMMT composites after melt mixing (a) and ECMAE (b).


4. Conclusion
ECMAE is an effective process aimed at the alternation of the nanofiller aspect ratio and the degree of platelet orientation, as well as the matrix morphological features, such as lamellar orientation, crystalline lamellar thickness, and the degree of perfection. It is shown that the processing of the PP-OMMT composite results in the increased aspect ratio and the degree of platelet orientation, as compared to the melt mixing. The exfoliation of the filler particles as well as the formation of the orientation order in the polymeric matrix, increment of the part of larger crystallites, and lower dispersion of the crystallite thickness is provided. As a result, an increase in microhardness is achieved, combined with more homogeneous distribution over the cross section of the sample, higher strain-strength characteristics of the composites, and the heat distortion temperature.
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