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Abstract:



In this study, nanocomposites were prepared by melt blending poly (ε-caprolactone) (PCL) with a (polycarbonate (PC)/multi-wall carbon nanotubes (MWCNTs)) masterbatch in a twin-screw extruder. The nanocomposites contained 0.5, 1.0, 2.0, and 4.0 wt % MWCNTs. Even though PCL and PC have been reported to be miscible, our DSC (Differential Scanning Calorimetry), SAXS (Small Angle X-ray Scattering), and WAXS (Wide Angle X-ray Scattering) results showed partial miscibility, where two phases were formed (PC-rich and PCL-rich phases). In the PC-rich phase, the small amount of PCL chains included within this phase plasticized the PC component and the PC-rich phase was therefore able to crystallize. In contrast, in the PCL-rich phase the amount of PC chains present generates changes in the glass transition temperature of the PCL phase that were much smaller than those predicted by the Fox equation. The presence of two phases was corroborated by SEM, TEM, and AFM observations where a fair number of MWCNTs diffused from the PC-rich phase to the PCL-rich phase, even though there were some MWCNTs agglomerates confined to PC-rich droplets. Standard DSC measurements demonstrated that the MWCNTs nucleation effects are saturated at a 1 wt % MWCNT concentration on the PCL-rich phase. This is consistent with the dielectric percolation threshold, which was found to be between 0.5 and 1 wt % MWCNTs. However, the nucleating efficiency was lower than literature reports for PCL/MWCNTs, due to limited phase mixing between the PC-rich and the PCL-rich phases. Isothermal crystallization experiments performed by DSC showed an increase in the overall crystallization kinetics of PCL with increases in MWCNTs as a result of their nucleating effect. Nevertheless, the crystallinity degree of the nanocomposite containing 4 wt % MWCNTs decreased by about 15% in comparison to neat PCL. This was attributed to the presence of the PC-rich phase, which was able to crystallize in view of the plasticization effect of the PCL component, since as the MWCNT content increases, the PC content in the blend also increases. The thermal conductivities (i.e., 4 wt % MWCNTs) were enhanced by 20% in comparison to the neat material. The nanocomposites prepared in this work could be employed in applications were electrical conductivity is required, as well as lightweight and tailored mechanical properties.
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1. Introduction


Biodegradable polymers have received considerable attention due to their contribution to the reduction of environmental concerns and to the realization that global petroleum resources are finite. Different types of biodegradable polymers such as poly(ε-caprolactone) (PCL), poly(butylene succinate) (PBS), poly(lactic acid) (PLA), and poly(alkanoates) (PHA, PHB, PHBV) have been studied as potential biomaterials for a variety of applications such as biomedical devices, biodegradable packaging, adhesives, agricultural areas, auto-motion, and construction [1,2,3,4].



Amongst the biodegradable commercial polymers, PCL can be singled out due to its elasticity, biocompatibility, and good ductility caused by its low Tg of −60 °C. It is also easy to be melt-processed by extrusion, melt-spinning, film blowing, and injection molding. However, it has relatively low mechanical strength, which limit practical applications. In order to enhance the thermal and mechanical properties of the matrix, and to produce thermally and electrically conductive materials, much research has been geared towards the production of conductive carbon-based bionanocomposites.



Conductive carbon-based fillers include carbon nanotubes (CNTs), carbon black (CB), graphite and carbon nanofibers (CNF). These materials have been extensively investigated due to their low density, inertness and good compatibility with most polymers [5]. However, CNTs have shown to have greater potential than any of the other carbon-based nanofillers for industrial applications, because of their unique one-dimensional structure with good electrical and thermal conductivity, and their excellent mechanical and thermal properties [6,7,8]. CNTs are extremely strong and stiff nanostructures of carbon atoms arranged in a cylindrical hexagonal network, and are often categorized in two different groups: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). SWCNTs consist of a single graphene layer rolled up into a seamless cylinder, whereas MWCNTs consist of two or more concentric cylindrical shells of graphene sheets coaxially arranged around a central hollow core with van der Waals forces between adjacent layers. MWCNTs are the ideal choice for high-volume industrial applications due to their bulk availability and better dispersion compared to SWCNTs [9,10,11,12].



Despite the advantages of carbon nanotubes, they have a tendency to form agglomerates during mixing with polymers. This is due to the van der Waals attraction between the nanotubes, which makes it difficult for them to be dispersed into polymers. Several methods have been used to enhance the dispersion of MWCNTs into polymer matrices [9,13,14,15]. The methods commonly employed to improve dispersion include (i) treatment of CNTs with inorganic solvents such as nitric acid (HNO3), sulfuric acid (H2SO4), and phosphoric acid (H3PO4), in order to attach hydroxyl and carboxyl acid functional groups to the nanotubes, and (ii) the masterbatch approach, which is a direct encapsulation of the MWCNTs into a polymer matrix, and the subsequent release of the carbon nanotubes into the matrix polymer during mixing in the melt. The masterbatch method has received great interest from an industrial point of view because it does not involve solvents that are harmful to the environment [13,14].



Nanocomposites of PCL with MWCNTs have potential applications in the biodegradable packaging market, biomedical field, and automotive industry, since the presence of the MWCNTs could overcome the limitations of PCL regarding thermal, mechanical, and electrical properties [16,17,18,19,20].



Several researchers investigated the nucleation and crystallization behavior of PCL/CNT nanocomposites with and without chemical modification [16,17,19]. Trujillo et al. [16] investigated the nucleation behavior of simple melt mixed, untreated PCL/MWCNT nanocomposites, and reported for the first time a supernucleation effect of approximately 200% in a well dispersed melt mixed system any chemical modification of the nanotubes (note that Trujillo et al. [16] obtained a very low dielectric percolation threshold of 0.3%). A similar or better supernucleation effect was also reported when PCL was blended with PCL-grafted MWCNTs (MWCNTs-g-PCL) [19]. In both studies, the supernucleation effect was attributed to the excellent dispersion of the MWCNTs in the polymer matrix, which was even better in the presence of functionalized MWCNTs. Pérez and co-workers [17] reported that MWCNTs, functionalized with 2-hydroxyethylbenzocyclobutene (BCB-EO) through a Diels–Alder cycloaddition reaction, nucleated linear PCL (L-PCL), but showed an antinucleation effect in cyclic PCL (C-PCL). This was due to a weak interaction between the MWCNT surfaces and the C-PCL because of the threading effect induced by the C-PCL molecules.



An evaluation of the mechanical performance of pristine and functionalized MWCNTs/PCL nanocomposites showed that functionalized MWCNT (f-MWCNT) nanocomposites gave much better mechanical properties than non-functionalized MWCNT nanocomposites. This was ascribed to a better dispersion of the functionalized MWCNTs in the PCL matrix as compared to non-functionalized MWCNTs. The better dispersion of the f-MWCNTs in the polymer matrix provided a more uniform stress distribution, minimizing the presence of stress-concentration centers, and increasing the interfacial area for stress transfer from the polymer matrix to the MWCNTs [12,18,21,22,23].



In this study, MWCNTs were dispersed into a PCL matrix through melt-mixing of the PCL with a PC/MWCNTs masterbatch. The structure and properties of the nanocomposites were correlated with the dispersion, morphology, and nucleating effect of the MWCNTs on the PCL matrix. Additionally, the efficiency of the nucleation and the overall crystallization kinetics of the PCL component were determined by self-nucleation and isothermal crystallization studies.




2. Experimental


2.1. Materials


A commercial PCL (CAPA 6500, Johannesburg, South Africa) was purchased from Southern Chemicals. It has a density of 1.1 g cm−3, a melting temperature of 58–60 °C, and a degree of crystallinity of ~35%. Its weight-average molecular weight (Mw) and number-average molecular weight (Mn) were measured by GPC, resulting in 113,400 g mol−1 and 73,620 g mol−1, respectively, with a polydispersity index (Mw/Mn) of 1.54.



A conductive masterbatch based on 85% low viscosity polycarbonate (Makrolon® 2205 grade, Mw of 20,100 g mol−1 [24]) loaded with 15 wt % MWCNTs (industrial grade NC7000) was obtained from Nanocyl (Sambreville, Belgium). It had a density of 1.175 g cm−3. The average diameter and length of the MWCNTs were, respectively, 10 nm and 3–4 µm. The carbon nanotubes contained more than 90% carbon and less than 10% metal oxide impurities.



The nanocomposites were prepared by melt-mixing in a twin-screw extruder (Thermo Scientific HAAKE Mini Lab II at the University of Pretoria, South Africa) operated under compressed air (100 rpm, 160 °C, 10 min). After extrusion, the samples were compression-molded at 160 °C for 5 min under 50 kPa using a hydraulic melt press. The calculated weight percentages of the different components in each of the investigated nanocomposites are given in Table 1.



Table 1. Weight percentages of the components in the nanocomposites.







	
PCL (%)

	
PC (%)

	
MWCNTs (%)






	
100

	
0

	
0




	
97

	
2.55

	
0.45




	
93

	
5.95

	
1.05




	
87

	
11.05

	
1.95




	
73

	
22.95

	
4.05











2.2. Sample Characterization


Scanning electron microscopy (SEM) analyses were done in a JSM-7800F Extreme-Resolution Analytical Field Emission (JEOL, Tokyo, Japan) scanning electron microscope. The samples were mounted on aluminum pin stubs with steel epoxy glue and coated with gold to produce conductive coatings onto the samples.



For transmission electron microscopy (TEM) analysis, the samples were cryo-sectioned at −100 °C using a Leica UC-FC7 cryo-microtome. The 120-nm-thick sections were mounted on copper grids and viewed at room temperature using an FEI Tecnai 20 transmission electron microscope operating at 200 kV.



Atomic force microscopy (AFM) experiments were performed in selected samples at room temperature using a Bruker Multimode 8 scanning probe microscope equipped with a Nanoscope V controller. The micrographs, whose size was in a range of 0.6–5 μm, were obtained in tapping mode by using microfabricated silicon tips/cantilevers (cantilever spring constant, k = 42 N/m, and resonance frequency, f0 = 320 kHz (Bruker, Santa Barbara, CA, USA). Height and phase AFM images of lamellae and MWCNT were collected simultaneously and subjected to a first-order plane-fitting procedure to compensate the tilt. Both height and phase AFM images were similar, and consequently in this work only the phase AFM images will be reported. To obtain cross-section AFM images, samples were cut using an ultramicrotome Leica Ultracut R with a diamond blade.



Simultaneous SAXS/WAXS experiments were performed at the beamline BL11-NCD, ALBA Synchrotron facility in Barcelona, Spain. The samples were placed in DSC pans, and the DSC pans were put on a Linkam THMS600 hot stage coupled to a liquid nitrogen system. The hot stage was programmed to perform the crystallization and subsequent heating and at the same time register the SAXS/WAXS patterns. The thermal protocol was as follows: heating from room temperature to 100 °C, followed by holding for 3 min at 100 °C. Once the thermal history was erased, the samples were cooled down at 50 °C min−1 to the selected isothermal temperature. Different isothermal times were used depending on the temperature. Finally, after the isothermal step, the samples were heated at a rate of 5 °C min−1. The energy of the X-ray source was 12.4 keV (λ = 1.0 Å). In the SAXS configuration, the sample-detector (ADSC Q315r detector, Poway, CA, USA) with a resolution of 3070 × 3070 pixels, pixel size of 102 μm2 distance was 6495.0 mm with a tilt angle of 0°, whereas in the WAXS configuration, the sample-detector (Rayonix LX255-HS detector, Evanston, IL, USA) with resolution of 1920 × 5760 pixels, pixel size of 44 μm2 distance was 132.6 mm with a tilt angle of 21.2°. The intensity profile showed the plot of the scattering intensity as a function of the scattering vector, [image: ], where λ is the X-ray wavelength (λ = 1.0 Å) and 2θ is the scattering vector. The scattering vector was calibrated using silver behenate (SAXS) and chromium (III) oxide (WAXS).



Dielectric relaxation measurements were performed using a Novocontrol GmbH Concept 40 broadband dielectric spectrometer (Montabaur, Germany), and data were collected over the frequency range 0.1–3 MHz at room temperature. Sample discs of 2 cm diameter were sandwiched between two gold-coated copper electrodes of 2 cm diameter and then transferred to the instrument for data collection. The AC conductivity was calculated, from the Novocontrol WinDETA software, by using the measured values of dielectric permittivity storage (ε′) and the dielectric loss factor (ε″).



Differential scanning calorimetry (DSC) analyses were performed under ultra high purity nitrogen gas flow in a power compensation Perkin Elmer Pyris-1 DSC, equipped with a refrigerated cooling system Intracooler 2P. The sample weight was ~5 mg in all cases.



For the non-isothermal DSC analyses, the samples were melted in the DSC for 3 min at 160 °C to erase any previous thermal history. The samples were then cooled at 20 °C min−1 from 160 to −20 °C, and then heated at the same rate from −20 to 160 °C.



The self-nucleation (SN) tests were performed according to a procedure established by Fillon et al. [25], and further developed and studied by Müller et al. [26,27,28]. The complete procedure is as follows:

	(a)

	
The sample was heated from 25 to 160 °C at 20 °C min−1 and maintained at that temperature for 3 min to erase thermal history.




	(b)

	
It was then cooled from 160 to −20 °C at 20 °C min−1 to create the initial “standard” state and held at that temperature for 3 min.




	(c)

	
It was then heated from −20 °C to a selected thermal treatment temperature or self-seeding temperature (Ts), located in the final melting temperature range of the sample, and held at that temperature for 5 min.




	(d)

	
It was again cooled to −20 °C, where the effects of thermal treatment would be reflected in the crystallization behavior of the sample.




	(e)

	
Finally, it was heated to 160 °C, where the effects of thermal treatment would also be reflected in the melting behavior of the sample.









The most important parameters during SN are (1) the heating and cooling rates used, (2) the Ts temperature, and (3) the time spent at Ts.



The isothermal crystallization experiments were performed by following the procedure recommended by Lorenzo et al. [29] in which isothermal crystallization temperatures (Tc) are chosen where no crystallization occurred during the cooling step from the melt (performed at 60 °C min−1). The samples were heated to 160 °C and kept at this temperature for 3 min to erase the thermal history. Then, a controlled cooling was applied, making sure that the cooling rate was 60 °C min−1, down to the set isothermal Tc temperature. The sample was then kept at the set Tc for a crystallization time (tc) until saturation was reached. Finally, the sample was heated from Tc to 160 °C at 20 °C min−1 to record the melting behavior of the isothermally crystallized sample.



To determine the equilibrium melting temperatures,[image: ], of the samples, the final step in the isothermal crystallization procedure, whereby the sample was heated at 20 °C min−1 in order to record the melting behavior of the isothermally crystallized polymer, was used to record the melting of the crystals formed at different crystallization temperatures, Tc. The Hoffman–Weeks extrapolation [30] was then applied by plotting the observed melting temperature (Tm(obs)) against Tc to observe the intersection of this line with another line with a slope equal to 1 (Tm = Tc).



Dynamic mechanical analyses (DMA) were performed from −100 °C to the onset of melting of PCL, which is ~50 °C, in the bending (dual cantilever) mode at a heating rate of 3 °C min−1 and a frequency of 1 Hz.



The tensile analysis of the samples was carried out using an Instron 4301 universal testing machine at a cross-head speed of 10 mm min−1. The dumbbell shaped samples had a Gauge length of 20 mm, a thickness of 1 mm, and a width of 5 mm. The samples were tested at a controlled ambient temperature of 23 °C and 50% relative humidity. Three samples of each composition were tested, and average values with standard deviations are presented.



Thermal conductivity measurements were performed using a Therm Test Inc. Hot Disk TPS 500 thermal constant analyzer. The instrument uses the transient plane source method. A 3.2 mm radius Kapton disk type sensor was selected for the analysis. The sample discs were 5 mm thick and 12 mm in diameter. The sensor was placed between two sample discs of the same composition. The measurements were made for a period of 25 s in order to prevent the heat flow from reaching the boundary of the samples. Three measurements were performed for each composition. The thermal conductivities are reported as average values with standard deviations.





3. Results and Discussion


3.1. Miscibility Assessment


The interaction between the components of a polymer blend can be determined from the composition dependence of the glass transition temperature (Tg). If two polymers are completely miscible, only one Tg is observed with its position determined by the composition of the blend. For immiscible polymer blends, two distinct Tg-values are observed at the same temperatures as those of the parent homopolymers. However, when the two polymers are partially miscible, there are still two Tg-values that will be shifted towards each other, with the degree of shift being dependent on both blend composition and miscibility degree [31].



In the present case, the Tg of the PC component in the nanocomposites could not be observed through either DSC, DMA, or dielectric analysis (DEA) because PCL (the major component of the blends, i.e., the matrix) melted at a temperature well below the Tg of PC (DMA analyses could not be performed at temperatures above the Tm of PCL) and because PC crystallized in the nanocomposites (see crystallization and melting peaks indicated with arrows in Figure 1). PC does not normally crystallize, as it has a semi-rigid chemical structure and its crystallization is too slow. However, when plasticizers are added into the PC matrix, its free volume increases, which enhances the mobility of the PC polymer chains and its ability to crystallize can be enhanced [32,33,34]. In our case, the PCL obviously acted as a plasticizer for PC, a sign of miscibility (either full miscibility or partial miscibility). As PC crystallizes, its Tg is difficult to observe by DSC, as the amount of mobile amorphous fraction per unit mass is very small in the blends.


Figure 1. DSC (Differential Scanning Calorimetry) cooling and second heating curves for the selected 73/(23/4) w/w PCL/(PC/MWCNT) nanocomposite. The arrows indicate the crystallization and melting of the PC-rich phase in the blends.



[image: Polymers 09 00709 g001]






The crystallization of the PC component was also confirmed by simultaneous SAXS/WAXS analyses of PCL and the 93/(6/1) w/w PCL/(PC/MWCNTs) and 73/(23/4) w/w PCL/(PC/MWCNT) nanocomposite samples. Figure 2 depicts the final X-ray patterns taken under the indicated isothermal crystallization temperatures. The main WAXS reflections shown by neat PCL are also present in the nanocomposites, since the MWCNTs in the masterbatch acted only as nucleating agents (see Section 3.5). The main reflection peaks of PCL are located at q-values of 15.2 and 16.8 nm−1, and correspond to the (110) and (200) planes, respectively. It is worth noting that the characteristic shoulder in the PCL at 15.7 nm−1 appears in both neat PCL and the nanocomposites and corresponds to the (111) plane. All the reflections are consistent with the reported orthorhombic unit cell of PCL with unit cell parameters a = 7.48, b = 4.98, and c = 17.26 Å [35].


Figure 2. (a) WAXS (Wide Angle X-ray Scattering) diffractograms taken at selected isothermal temperatures; (b) SAXS (Small Angle X-ray Scattering) patterns taken at the same temperatures as in (a).



[image: Polymers 09 00709 g002]






In addition to the PCL unit cell peaks, there is a peak at 12.4 nm−1 (equivalent to a 2θ of 17.4°), and this peak becomes pronounced as the PC content in the nanocomposites increases. This peak corresponds to the PC component that is able to crystallize due to the plasticization effect of the PCL, as will be shown in Figure 3. Figure 2b shows the SAXS patterns taken at the same condition used in the WAXS experiments. In these patterns, the PCL signal observed in the neat material and in the nanocomposites with low PC content is dominant, since the single peak corresponds mainly to the long spacing of PCL lamellae. However, at a higher PC concentration (i.e., 23 wt %), the PC is able to crystallize due to the plasticization effect of the PCL. Therefore, the SAXS signal is not clear due to the overlap of the long spacings generated by the lamellae of PCL and PC. The signal observed is probably an average of these two long spacings.


Figure 3. WAXS patterns taken during the heating at 5 °C min−1 after the isothermal step at 46 °C for (a) PCL/(PC/MWCNTs) (93/6/1) and (b) PCL/(PC/MWCNTs) (73/23/4).



[image: Polymers 09 00709 g003]






For the sake of clarity, WAXS patterns were taken during heating after the isothermal step (see Figure 3) for the selected samples of 93/(6/1) and 73/(23/4) w/w PCL/(PC/MWCNT) nanocomposites (the heating patterns of the other samples are shown in Figure S1). Figure 3 shows that the PC peak does not disappear when the PCL is already molten at T > 60 °C (see Figure 3). This behavior is clearly observed at higher PC concentrations in Figure 3b. According to our results and the literature [33,34], PC is able to crystallize, as mentioned earlier in the discussion, due to the plasticization effect of PCL and shows a main reflection at a 2θ angle of 17.1°. The peak at 12.4 nm−1 can therefore be attributed to the PC component, which crystallizes as a result of the plasticization effect of the PCL.



The d-spacings for all the reflections shown in Figure 2a were calculated according to Equation (1), whereas the long periods were calculated from the main PCL peaks in the SAXS patterns in Figure 2b. The relevant values are tabulated in Table 2.


[image: ]



(1)







Table 2. Calculated values of d-spacing (from WAXS (Wide Angle X-ray Scattering) experiments) and long period (d*, obtained from SAXS (Small Angle X-ray Scattering) experiments) for the neat PCL and its nanocomposites.







	
Sample

	
d-Spacing (nm)/(plane)

	
d * (nm)






	
Neat PCL

	
0.378 (110)

	
19.8




	
0.343 (200)




	
0.400 (111)




	
93/(6/1) w/w PCL/(PC/MWCNTs)

	
0.378 (110)

	
19.9




	
0.344 (200)




	
0.400(111)




	
73/(23/4) w/w PCL/(PC/MWCNTs)

	
0.464 *

	
17.2 **




	
0.378 (110)




	
0.344 (200)




	
0.400 (111)








* PC signal; ** overlap of PC and PCL signals.








The d-spacings and the d*-values of neat PCL and the PCL in the nanocomposites are almost the same for neat PCL and low PC concentrations (i.e., 6 wt %). In the case of 73/(23/4) w/w PCL/(PC/MWCNT) nanocomposite, the peak related to the PC component is the same as the one reported in the literature (0.464 nm) [33]. In the SAXS patterns, an overlap between the long spacings of PC and PCL occurs, which explains the decrease in d*-values in comparison with the other samples.



The DSC and DMA results in Figure 4 and Figure 5 show little change between the Tg-values for neat PCL and PCL within the different nanocomposites. The Tg-values from the two techniques are different for the same sample, with Tg,DSC < Tg,E”< Tg,tanδ (Figure 6). This is well-known, as DMA applies not only a heating rate but also a mechanical deformation with a particular frequency, which, as a result, increases the rate at which Tg is being measured [36,37,38]. The trends from the different sets of results are, however, the same. The results show that the presence of the masterbatch had little effect on the Tg of PCL, which may be an indication of limited interfacial interaction between the PCL and the PC in the masterbatch. Theoretically, when two polymers are completely miscible, the Tg of the PCL in the blend nanocomposites should have increased to approximate values calculated according to the Fox equation (Equation (2)).


[image: ]



(2)




where Tg is the PCL/PC blend glass transition temperature, and Tgi and wi are the respective glass transitions and weight fractions of PCL and PC. The glass transition temperatures of PCL obtained from both DSC and DMA did not change much across the composition range, and the values are lower than those predicted by the Fox equation (Figure 6), which could be an indication of immiscibility or partial miscibility between the PCL and PC.


Figure 4. DSC heating curves for neat PCL and the PCL/(PC/MWCNT) nanocomposites, showing the glass transitions around −60 °C.



[image: Polymers 09 00709 g004]





Figure 5. DMA (a) loss modulus (E″) and (b) tan δ curves for the investigated samples.



[image: Polymers 09 00709 g005]





Figure 6. Glass transition temperatures of neat PCL and the PCL/(PC/MWCNT) nanocomposites as a function of MWCNT content.



[image: Polymers 09 00709 g006]






However, a closer inspection of the DSC results (Figure 4) shows that the blend containing the highest amount of PC, i.e., 73/(23/4) PCL/(PC/MWCNTs) has a Tg-value of approximately 7 °C higher than neat PCL (see also Figure 5). DMA results also show an increase in Tg-values of this blend with respect to neat PCL (i.e., 3–4 °C). In fact, Figure 5 shows an increasing trend (much smaller than that predicted by the Fox equation but still significant) of Tg with increases in PC content in the blend.



If complete immiscibility would be present in the blends, no plasticization of PC would have been observed (as indicated by PC crystallization, demonstrated above). Taking into account the results presented so far, we can conclude that the blends are partially miscible. Two phases are formed: (1) a PC-rich phase, where a small amount of PCL chains are present and can plasticize the PC component, such that it can crystallize, and (2) a PCL-rich phase, where the amount of PC chains present is very small, such that changes in the Tg of the PCL phase are much smaller than those predicted by the Fox equation.




3.2. Electron Microscopy (SEM and TEM) and Atomic Force Microscopy (AFM)


SEM and TEM images for the PCL/(PC/MWCNT) nanocomposites with different PC/MWCNT contents were obtained to confirm the presence of two phases (PCL-rich and PC-rich phases), and to see whether any of the MWCNTs diffused into the PCL phase.



The SEM and TEM images in Figure 7 and Figure 8 show that there are no clear phase boundaries separating the PCL-rich and PC-rich phases, and that the MWCNTs were fairly well dispersed throughout the blend matrix, although there were areas where the MWCNTs were more concentrated that correspond to the PC-rich phase. The results corroborate the partial miscibility of the blends. If the blends were immiscible, all MWCNTs would be confined to the PC phase (as a PC-based masterbatch was employed). However, it is clear that, due to partial miscibility and the establishment of PC-rich and PCL-rich phases, a fair number of MWCNTs diffused from the PC-rich phase to the PCL-rich phase, even though areas were found where MWCNTs agglomerates were still confined to the PC-rich pockets.


Figure 7. SEM micrographs for the PCL/(PC/MWCNT) nanocomposites, respectively, containing (a) 1.0 wt %, (b) 2.0 wt %, and (c) 4.0 wt % MWCNTs.



[image: Polymers 09 00709 g007a][image: Polymers 09 00709 g007b]





Figure 8. High and low magnification TEM micrographs for (a,d) 1.0 wt %, (b,e) 2.0 wt %, and (c,f) 4.0 wt % MWCNTs in the PCL/(PC/MWCNT) nanocomposites.



[image: Polymers 09 00709 g008a][image: Polymers 09 00709 g008b]






Mixed reports about the miscibility of PC and PCL exists in the literature [20,34,39,40,41,42,43,44]. In our case, only partial miscibility was developed between the components.



Factors that determine whether the polymers are completely miscible or not include (i) molar-mass distribution, (ii) chemical structure, and (iii) molecular architecture of the components present [45,46]. The molecular weight of PC (20,100 g mol−1) in the masterbatch was appreciably lower than that of PCL (113,400 g mol−1). The PC crystallized in the presence of the PCL, which acted as a plasticizer and imparted enough mobility to the PC chains [32,33,34,43].



Shih et al. [47] studied the effect of molecular weight on the compatibility between blends of polycarbonate and poly(hexamethylene sebacate). They reported that, in all the blends prepared, the PC crystallized as a result of the plasticizing effect of the poly(hexamethylene sebacate). When a low molecular weight PC and a high molecular weight poly(hexamethylene sebacate) were used, the compatibility was enhanced because of the increased entropic contribution to the Gibbs free energy of mixing.



In our case, the PC crystallization probably reduced the miscibility between PC and PCL, making them only partially miscible. Another reason why we did not observe complete miscibility in our system, is that the MWCNTs probably had a strong interaction with the PC and with each other, which restricted the PC flow during the mixing process and resulted in a fair amount of the PC chains being unable to diffuse into the PCL-rich phase.



Figure 9 shows the atomic force microscopy (AFM) phase images for the 4 wt % MWCNT nanocomposite at different magnifications. It can be seen at low magnification (Figure 9a) that an interphase exists between the PCL matrix and the PC/MWCNT-rich phase. The interphase is clear but reveals a very intimate contact between the phases, which probably stems from partial miscibility. At higher magnification (Figure 9b), the MWCNTs can clearly be seen in the PC-rich phase (the one with the higher amount of nanotubes). However, in addition, some nanotubes can be observed crossing the interface from the PC-rich phase to the PCL-rich phase (see Figure 9b). Figure 9c shows that the MWCNTs are well dispersed within the PC-rich phase.


Figure 9. (a) Low and (b,c) high magnification AFM phase images for the 73/(23/4) w/w PCL/(PC/MWCNT) nanocomposite.
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3.3. Dielectric Measurements


AC conductivity vs. frequency (f) plots at 20 °C for all samples are demonstrated in Figure 10. For the sample with 0.5 wt % MWCNTs, the trend does not show any plateau regions, and the conductivity is gradually increasing with increasing frequency, which is primarily due to dipolar motions of the PCL chains [48,49,50]. At such a low concentration of MWCNTs, the nanotubes did not achieve a percolated network structure.


Figure 10. Conductivity vs. frequency at room temperature for the sample containing a different wt % of MWCNTs.
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The DC conductivity increases and the plateau widens to include most of the measured frequency range for samples with an MWCNT concentration of 1.0 and 2.0 wt %. There could be two reasons for this kind of conductivity behavior: Firstly, increasing MWCNT content may have resulted in an increased charge carrier concentration and therefore better interparticle contact and an easier formation of a continuous pathway for electron hopping. Secondly, sharp differences in dielectric constant and conductivity of the MWCNTs in comparison to PCL or PC surrounding matrices may lead to the Maxwell–Wagner–Sillars (MWS) interfacial polarization effects, as mobile charges get accumulated at the interface between the MWCNTs and the two matrices [50,51]. Other important parameters including MWCNT dipole density and mobility, as well as the mobility of the surrounding polymer chains, are necessary for the MWS polarization phenomena to occur.



As the MWCNT content is increased to 4 wt %, the conductivity dropped sharply, almost by two orders of magnitude, which could reflect aggregation of the nanotubes within the PCL matrix, as well as the crystallization of the PC phase. This aggregation could cause an accumulation of the mobile charges at the interfaces between the nanotubes and therefore act as barrier for long-range hopping events of the electrons, i.e., inter-nanotubes interfaces act as dead ends for the mobile charges [49].



From the obtained results the dielectric percolation threshold occurs between 0.5 and 1.0 wt % of MWCNTs or the critical concentration needed to form a connected conducting pathway for the electrons to hop between the nanotubes and throughout the surrounding polymer matrices. The formation of a percolation pathway also demonstrates that the MWCNTs were able to diffuse from the PC-rich phases to the PCL matrix. However, they did this more efficiently at lower PC concentrations. When the PC content was 23%, i.e., when the MWCNT content was increased to 4%, then aggregation of the nanotubes or less transfer of the nanotubes to the PCL matrix must have occurred. In fact, the AFM images shown in Figure 9 for the nanocomposite with 4% MWCNTs do show a much higher concentration of nanotubes in the PC-rich phase than in the PCL-rich phase.



Figure 11 depicts the conductivity as a function of the MWCNT content at room temperature and at the lowest measured frequency (0.1 Hz). The plot reveals a sharp increase in the conductivity as the MWCNTs’ wt % increases from 0.5 to 1.0%, then a sharp drop after 2.0%. Trujillo et al. [16] reported a very low dielectric percolation threshold of 0.3 wt %, due to the excellent dispersion obtained in the PCL/MWCNT nanocomposites. Vega et al. [19] obtained a percolation threshold of 0.240 wt % for the same nanocomposites and 0.236 wt % for nanohybrids (PCL/MWCNT-g-PCL) determined by rheological measurements. It is worth noting that, in these systems [16,19] with such a low percolation threshold, a supernucleation effect (a nucleation efficiency of 200%) was reached. Higher percolation thresholds have been reported by Saeed et al. [52]. The authors obtained a percolation threshold of 2 wt %, for PCL/MWCNT nanocomposites prepared via in situ polymerization of the PCL on nitric acid-treated CNTs surfaces using rheological measurements. However, Pötschke et al. [53] reported values of 1 wt % of percolation thresholds for PC/MWCNT nanocomposites produced by melt-mixing using the masterbatch dilution method without any modification to the nanotubes. However, it is important to note the differences in the processing conditions used during the preparation of these nanocomposites, as the viscosity of the matrix greatly affects the dispersion of the nanotubes [49].


Figure 11. Conductivity vs. MWCNT content at room temperature and frequency of 0.1 Hz.
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3.4. Non-Isothermal DSC


Figure 12 shows the DSC (a) cooling scans after erasing the thermal history and (b) the subsequent heating scans performed at 20 °C min−1 for the different investigated samples. The crystallization peak temperatures (Tc) of PCL in the nanocomposites shifted to higher temperatures as compared to that of neat PCL (Figure 12a). The DSC heating curves show little or no change in the melting temperature (Tm) of PCL in the nanocomposites compared to that of neat PCL (Figure 12b).


Figure 12. DSC (a) cooling and (b) second heating curves at 20 °C min−1 of neat PCL and the PCL/(PC/MWCNT) nanocomposites.
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To examine the results presented in Figure 12, the Tc- and Tm-values were plotted in Figure 13 as a function of MWCNT content. The increase in Tc with increasing MWCNT content clearly indicates a nucleation effect of the MWCNTs that penetrated into the PCL-rich phase (as was demonstrated morphologically by SEM and AFM images). However, a saturation of this nucleation effect starts below 2 wt % MWCNTs, in line with the percolation threshold of 0.5–1 wt % found in the previous section. This saturation is related to the aggregation of MWCNTs and the limited diffusion of the MWCNTs with increasing PC content. The Tm remains almost constant with the increase in MWCNT content, as is expected when a nucleating agent is used. This is due to the metastable nature of polymer crystals that usually require large increases in Tc-values to give rise to Tm-values [16]. The nucleation action of the MWCNTs is further studied in the next section through self-nucleating experiments.


Figure 13. DSC crystallization and second heating melting temperatures as a function of MWCNT content for neat PCL and the PCL/(PC/MWCNT) nanocomposites. A linear fit and a polynomial fit for the experimental data of Tm and Tc, respectively, are used to guide the eye.
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3.5. Self-Nucleation (SN)


To evaluate the efficiency of MWCNTs as nucleating agents, it is necessary to compare their effect with that of PCL self-nuclei. Self-nucleation is a thermal protocol for the production of self-nuclei within a polymer melt, such that the nucleation density can be greatly increased. In theory, the best nucleating agent for any polymer is its own crystal fragments or chain segments with residual crystal memory [25,26,27]. Figure 14 shows the experimental data obtained during an SN experiment for neat PCL. The cooling scans after the isothermal step at Ts are presented in Figure 14a, and the subsequent heating scans are shown in Figure 14b. The dashed line indicates the PCL crystallization and melting temperatures under standard conditions. The three SN domains are described below as defined by Fillon et al. [25].


Figure 14. (a) DSC cooling scans for neat PCL after 5 min at the indicated Ts, and (b) subsequent heating scans after the cooling runs shown in (a).
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Domain I (The Melting Domain). The polymer is under Domain I when complete melting occurs and the crystalline history of the material is erased. All crystalline memory is erased and the melt is isotropic. For the PCL studied in Figure 14, Domain I is found at Ts larger or equal to 61 °C, since no change was detected in Tc when compared to the standard Tc. Both the crystallization and melting DSC scans are identical within Domain I.



Domain II (The Self-Nucleation Domain). In this domain, the Ts range employed is low enough to produce self-nuclei, but high enough to avoid annealing. Therefore, Domain II is easily identified after 5 min at a given Ts, because the peak crystallization temperature of the sample increases compared the standard value. The start of Domain II for the PCL sample in Figure 14a occurred at a Ts = 60 °C, since the sample was self-nucleated without any annealing. The minimum Ts within Domain II is defined as the “ideal self-nucleation temperature” (Ts,ideal), a temperature that should be accurately determined. This is the temperature that causes maximum self-nucleation (maximum increase in Tc) without annealing. The subsequent melting curve in Figure 14b does not reveal any sign of annealing. In this domain, the nucleation density is enhanced, which makes the crystallization of PCL possible at higher temperatures.



Domain III (The Self-Nucleation and Annealing Domain). When Ts is too low, partial melting occurs and the unmolten crystals anneal during the 5 min at Ts. Figure 14b shows that, when Ts < 60 °C, the melting endotherm exhibits a small high temperature peak that is a result of the melting of annealed crystals. At this Ts, the crystallization exotherm shows a high-temperature tail which reveals that the sample is in Domain III.



Figure 15 shows the location of the three self-nucleation domains for the PCL sample. The vertical dashed lines indicate the temperatures at which the material experiences a self-nucleation domain transition. The Tc-values are constant in Domain I and increase as the Ts-value crosses over to Domain II, as expected [25,26]. Since 60 °C is the lowest Ts-value in Domain II, it is called the ideal self-nucleation temperature, because it is the temperature at which there is maximum self-nucleation without any annealing. Employing the ideal Ts (60 °C), the Tc corresponding to the ideal Ts should be used as the maximum crystallization temperature (Tc,max) when determining the nucleation efficiency of the nanofiller. For the PCL used in this study, Tc,max is 42.8 °C.


Figure 15. Dependence of (a) crystallization and (b) melting peak temperatures of neat PCL on Ts.
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The efficiency of the MWCNTs as nucleating agents for the PCL matrix was calculated according to Equation (3), which was proposed by Fillon et al. [54].


[image: ]



(3)




where Tc,NA is the peak Tc-value determined from non-isothermal DSC cooling run for a sample of the polymer with the nucleating agent (NA), Tc,PCL is the peak Tc-value for neat PCL after its crystalline history has been erased (31.2 °C), (also determined from non-isothermal DSC cooling scan) and Tc,max is the maximum peak crystallization temperature determined after neat PCL has been self-nucleated at the ideal Ts (42.8 °C) [27,54]. Figure 16 shows the percentage nucleation efficiency of MWCNTs in the PCL/(PC/MWCNT) nanocomposites.


Figure 16. Nucleation efficiency as a function of MWCNT content. The experimental points are fitted with a polynomial fit to guide the eye.
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The nucleating efficiency increases with increasing MWCNT content. Notice that, if the blends were totally immiscible, the MWCNTs would be trapped inside the PC phase and the increase in MWCNTs would probably cause no increase in nucleation efficiency. In this case, the nucleation efficiency clearly increases with MWCNTs, a result which is also consistent with the partial miscibility of the blends. The fast increase in the nucleation efficiency is observed until a concentration of 1 wt % is reached, which is in line with the percolation threshold obtained in the previous section as well as the DSC results. At MWCNT concentrations above 1 wt %, the increase is slow, which corresponds to a saturation effect due to an agglomeration of MWCNTs and PC crystallization.



The increase in nucleation efficiency (even if highly significant, up to 70%) is less than expected, as literature results indicate that MWCNTs can super nucleate PCL (i.e., can produce nucleation efficiencies larger than 100% with loading as low as 1% or less) [16,19]. In our case, the nucleating efficiency is lower due to limited phase mixing between the PC-rich and the PCL-rich phases. Only a limited quantity of MWCNTs can penetrate the PCL-rich phase and therefore contribute in nucleating PCL, while most of the MWCNTs agglomerated in the PC-rich phase.




3.6. Overall Isothermal Crystallization Studied by DSC


The influence of the MWCNTs as well as PC (both components of the masterbatch employed) at different contents, over the isothermal crystallization kinetics of the PCL are studied. Figure 17 shows the inverse of the half crystallization time (1/τ50%Exp), which is proportional to the overall crystallization rate as a function of isothermal crystallization temperatures (Tc) for neat PCL and the nanocomposites. The Tc range for neat PCL is lower than that for the nanocomposites. This indicates that a larger degree of supercooling is needed for neat PCL to crystallize, while the nanocomposites crystallize more easily than does neat PCL, because of the nucleation effect that they have on the PCL-rich phase.


Figure 17. Overall crystallization rate (1/τ50%) as a function of isothermal crystallization temperature (Tc) for neat PCL and for the PCL/(PC/MWCNT) nanocomposites. The red solid lines represent fits to the LH theory.
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Another way to examine the results presented in Figure 17, is by taking the values of the crystallization temperature for which the blends reach a constant value of 1/τ50% (i.e., 0.5 min−1) (Figure 18a) and the 1/τ50%-values at a constant Tc (i.e., 47 °C) (Figure 18b), as a function of MWCNT content. Figure 18a shows the experimental and extrapolated data using the Lauritzen and Hoffman (L-H) theory, which is explained in detail in Section 3.6.2. It is clear that nucleation produces an interesting practical effect, as a higher Tc-value is needed to reach the same overall crystallization rate with increasing MWCNT content in the PCL-rich phase. This result is in agreement with previous works [16,17,19], where an increase in MWCNT content resulted in an increase in the peak crystallization temperature of PCL during non-isothermal crystallization.


Figure 18. (a) Crystallization temperature as a function of MWCNT content at constant 1/τ50% = 0.5 min−1; (b) overall crystallization rate as a function of MWCNT content at constant Tc = 47 °C.
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In Figure 18b, the overall crystallization rate of the PCL-rich phase at a constant crystallization temperature increases with MWCNT loading, due to the nucleating effect of the MWCNTs. Despite the nucleating effect of MWCNTs, a reduction in the percentage crystallinity (Xc) of PCL is observed (see Figure 19), especially at high PC concentrations. It must be remembered (see Table 1) that, since the nanocomposites are prepared by mixing PCL and a masterbatch, as the MWCNT content increases, so does the PC fraction in the blends. This decrease in Xc of the PCL matrix (Figure 19), during isothermal crystallization, is due to the presence of the PC-rich phase, which is able to crystallize because of the plasticization effect of the PCL component.


Figure 19. Relative crystallinity (Xc) as a function of isothermal crystallization temperature (Tc) for neat PCL and the PCL/(PC/MWCNT) nanocomposites.



[image: Polymers 09 00709 g019]






3.6.1. Fitting DSC Isothermal Data to the Avrami Model


The data obtained during the isothermal crystallization experiments were analyzed employing the Avrami equation, which can be expressed as follows [55]:


[image: ]



(4)




where [image: ] is the experimental time, [image: ] is the induction time, [image: ] is the relative volumetric transformed fraction, [image: ] is the Avrami index, and [image: ] is the overall crystallization rate constant. The procedure used to perform the fittings to the data was developed by Lorenzo et al. [29]. The kinetic parameters for all the investigated samples are plotted in Figure 20 and tabulated in Table S1.


Figure 20. (a) Inverse of half crystallization times (1/τ50%) (b) Normalized crystallization constant of the Avrami model (K1/n) and (c) Avrami index (n) as a function of the isothermal crystallization temperature (Tc) for all the samples.
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Figure 20a shows 1/τ50%-values as a function of Tc, whose trend was explained earlier in the discussion. The same trend is obtained with the K1/n-values of the Avrami model (see Figure 20b), since this constant is related to the overall crystallization kinetics as well. Figure 20c shows the n-values for all the samples, which depend on the dimensionality of the crystalline superstructure and on their nucleation kinetics [29,55].



The values of n for neat PCL are approximately 3 in the investigated Tc range, which is an expected result for PCL [16,17]. A value of 3 indicates a spherulitic morphology with instantaneous nucleation, which is commonly observed in PCL homopolymers. Therefore, upon the addition of a nucleating agent, one would expect that the Avrami index would remain around 3 or would decrease (as the dimensionality of growth can switch from 3D to 2D when the nucleation density is greatly enhanced). Higher values than 3 for these PCL nanocomposites are not expected, especially when it has been demonstrated that MWCNTs are effective in nucleating PCL. Further studies are needed in order to understand the explanation of such unexpected results. Elsewhere in the literature [16,17,19], the authors reported decreasing n-values for the nanocomposites as compared to neat PCL.




3.6.2. Overall Isothermal Crystallization Data Analyzed by the Lauritzen-Hoffman Model


The overall crystallization kinetics is determined by contributions of primary nucleation and growth. The Lauritzen-Hoffman (LH) nucleation and growth theory can be applied to the isothermal crystallization kinetics data collected from DSC. Even though the LH theory has received much criticism lately [56], it is still one of a few models that provide easy to use analytical expressions capable of fitting the experimental data over a wide supercooling range [57]. Figure 17 shows solid lines that represent the mathematical fit of LH theory, which can be applied to the DSC overall crystallization data according to Equation (5).
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(5)




where 1/τ50% is the inverse of the experimental half-crystallization time, 1/τ0 a pre-exponential factor that includes the nucleation and growth, U* the activation energy for the transport of the chains to the growing front (a value of 1500 cal mol−1 is usually employed), R the gas constant, Tc the isothermal crystallization temperature (K), and T∞ the temperature at which chain mobility ceases (usually taken as Tg − 30 K). ΔT = supercooling ([image: ], and Kgτ is a constant related to the energy barrier for crystallization and growth.



According to Figure 17, the lines can adequately fit the overall crystallization rate as a function of Tc for the explored range. The fittings were useful in constructing Figure 20, which was produced by extrapolating unavailable data in specific temperature ranges. Additionally, it was found, as expected and reported before in similar studies [16,17,19], that Kgτ-values (proportional to the energy barrier for overall crystallization) decrease when the nanotube content increases as a result of their nucleating ability.





3.7. Thermal Conductivity


The thermal conductivities of neat PCL and its PC/MWCNTs containing nanocomposites are shown in Figure 21. It is well known that phonon transport is the main mechanism for heat conduction in conductive polymer samples. Phonons transfer heat energy through interactions with each other and with subatomic particles [6,7,8]. The thermal conductivity values of the nanocomposites increased as MWCNT content increased. Since the thermal conductivity of carbon nanotubes ranges between 650 and 10,000 W m K−1, and the thermal conductivity of a typical polymer ranges between 0.1 and 0.3 W m K−1 [10], the improvement in the thermal conductivity is most probably caused by the increasing numbers of high thermal conductivity MWCNTs in the blend composites. Since the MWCNTs were fairly well dispersed in the PCL/PC blend (although there were pockets where the MWCNTs are more concentrated, see already discussed SEM and TEM results), the MWCNTs were positioned closer to each other as the MWCNT content increased, which gave rise to more effective transport of the phonons through the nanocomposite, which improved the transportation of heat by high frequency phonon vibration, leading to higher thermal conductivities. In this case, the thermal conductivity does not seem to be affected by the aggregation of carbon nanotubes, which, as discussed previously, was detected when the filler level increased to 4%.


Figure 21. Influence of MWCNT content on the thermal conductivities of the nanocomposites.
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3.8. Tensile Properties


The mechanical properties of PCL and the nanocomposites were investigated employing tensile testing. These properties depend upon the interfacial interaction between the nanofiller and the different components in the polymer blend, chain stiffness, and the crystallinities of the individual components in the blend. This implies that, to utilize the reinforcing capability of carbon nanotubes and to maximize the mechanical properties of the nanocomposites, strong interfacial bonding is necessary. The extent of interaction depends on how well the filler is dispersed in the matrix [58].



Considering that the nanocomposites prepared here involve the increasing addition of both PC and MWCNTs to PCL, it is expected that the ductility of the PCL significantly decreases while the modulus increases. Table 3 presents the tensile tests results, which partially corroborate the expected trends. The strain at break significantly decreases as the masterbatch content increases (see Figure 22), a trend proportional to a reduction in ductility. Additionally, the elastic modulus is not significantly affected, until the maximum amount of masterbatch was used. In this last case, the value increased from 388 MPa for neat PCL to 592 MPa for the nanocomposite.


Figure 22. Stress–strain curves for neat PCL and the nanocomposites.
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Table 3. Summary of tensile testing results for neat PCL and the nanocomposites.







	
w/w PCL/(PC/MWCNTs)

	
[image: ]/MPa

	
[image: ]/%

	
E/MPa

	
[image: ]/MPa






	
100/0

	
34.3 ± 12.9

	
578 ± 151

	
388 ± 29

	
16.2 ± 1.9




	
97/(2.5/0.5)

	
15.9 ± 7.1

	
285 ± 152

	
354 ± 77

	
13.7 ± 3.3




	
93/(6/1)

	
10.3 ± 5.0

	
154 ± 198

	
352 ± 28

	
13.6 ± 1.0




	
87/(11/2)

	
6.9 ± 1.9

	
22.8 ± 2.0

	
336 ± 33

	
11.3 ± 4.1




	
73/(23/4)

	
15.6 ± 0.9

	
4.3 ± 0.7

	
592 ± 62

	
17.1 ± 1.4








[image: ]stress at break; [image: ]—strain at break; E—Young’s modulus; [image: ]—yield strength.








PC is a more rigid polymer than PCL. In the present blends, PC addition caused a small increase in the Tg of the PCL phase due to the partial miscibility. Additionally, the presence of PC-rich inclusions in a PCL matrix can act as stress concentrators that may trigger earlier fracture nucleation and propagation.



On the other hand, MWCNTs are known to increase overall rigidity of the polymer matrix to which they are added, when the dispersion is adequate and when there are strong interactions with the polymer matrix. In this case, the interactions may not be very strong with the PCL matrix, and the fact that the density of MWCNTs is higher in the PC-rich phase than in the PCL-rich phase probably has a stronger stress concentration effect and is less effective at enhancing the elastic modulus of the nanocomposites. This may be the reason why the positive effect on the elastic modulus can only be obtained at large masterbatch loadings. As both PC and MWCNT additions induce enhanced rigidity and stress concentrations in the PCL matrix, the stress at break is also seen to decrease with masterbatch additions.



Although increases in tensile strength, similar to that of the Young’s modulus, have been reported in CNT-filled nanocomposites, the local nature of the shear yielding process, usually leads to constant or even decreasing values as CNT content increases [59]. In this case, the yield stress of PCL first decreases slightly with masterbatch additions and then recovers at the maximum concentration of MWCNTs.





4. Conclusions


In light of an analysis of the DSC, SEM, DMA, TEM, and AFM results, it can be concluded that the PC and PCL blends prepared in this work are partially miscible. Two phases were formed: (1) A PC-rich phase, where a small amount of PCL chains are present and can plasticize the PC component, such that it can crystallize, and (2) a PCL-rich phase, where the amount of PC chains present is very small, such that changes in the Tg of the PCL phase are much smaller than those predicted by the Fox equation. Due to partial miscibility and the establishment of PC-rich and PCL-rich phases, a fair number of MWCNTs diffused from the PC-rich phase to the PCL-rich phase as evidenced by the SEM and AFM images, but their diffusion depends on the PC (and MWCNT content) in the blend.



Standard DSC measurements demonstrated an increase in Tc with increasing MWCNT content due to the nucleation effect caused by the presence of MWCNTs that penetrated into the PCL-rich phase (as was demonstrated morphologically by SEM and AFM images). The nucleating efficiency is, however, low, due to limited phase mixing between the PC-rich and the PCL-rich phases. Only a limited quantity of MWCNTs can penetrate the PCL-rich phase and therefore contribute in nucleating PCL, while most of the MWCNTs agglomerated in the PC-rich phase at high MWCNT loadings (e.g., 4%). The nucleation effects saturated at a 1 wt % MWCNT concentration on the PCL-rich phase. This was corroborated by the determination of the dielectric percolation threshold, which ranged between 0.5 and 1.0 wt % MWCNTs.



Isothermal crystallization experiments performed by DSC showed an increase in the overall crystallization kinetics of PCL with increases in MWCNTs as a result of their nucleating effect. Despite the nucleating effect of MWCNTs, a reduction in the percentage crystallinity of PCL was observed especially at high PC concentrations. This was attributed to the presence of the PC-rich phase, which was able to crystallize in view of the plasticization effect of the PCL component.



The thermal conductivities and tensile properties of the nanocomposites were generally enhanced with the addition of MWCNTs.








Supplementary Materials


The following are available online at www.mdpi.com/2073-4360/9/12/709/s1. Figure S1: Heating of PCL after isothermal crystallization at 41 °C, Table S1: Kinetic parameters for all the investigated samples during isothermal crystallization.
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