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Abstract

:

In materials research, the development of polymer nanocomposites (PN) is rapidly emerging as a multidisciplinary research field with results that could broaden the applications of polymers to many different industries. PN are polymer matrices (thermoplastics, thermosets or elastomers) that have been reinforced with small quantities of nano-sized particles, preferably characterized by high aspect ratios, such as layered silicates and carbon nanotubes. Thermal analysis (TA) is a useful tool to investigate a wide variety of properties of polymers and it can be also applied to PN in order to gain further insight into their structure. This review illustrates the versatile applications of TA methods in the emerging field of polymer nanomaterial research, presenting some examples of applications of differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), dynamic mechanical thermal analysis (DMTA) and thermal mechanical analysis (TMA) for the characterization of nanocomposite materials.
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1. Introduction


The combination of two different materials, for instance polymeric, is a simple route for combining the attractive features of different materials in order to enhance the deficient characteristics of a particular material [1]. Many common examples of composite materials can be found in the world around us. Wood and bone are examples of natural composites [2]. Recent and successful examples of improved properties that can be achieved by using these procedures are offered by adding to a polymeric phase of organic and inorganic filler, for instance hyperbranched polymers [3,4] and inorganic nanofillers.



In particular, polymer composites reinforced with inorganic fillers of dimensions in the nanometer range, known as nanocomposites, have attracted great interest from researchers, due to unexpected synergistic properties derived from the two components. The most studied polymer nanocomposites (PN) are composed of thermoplastic or thermosetting matrix, organically modified montmorillonite (OMMT) [5,6,7,8,9] and modified boehmite [10,11,12,13] or carbon nanotubes (CNTs) [14,15,16,17,18].



Polymer/clay nanocomposites are characterized by improved thermal, mechanical, barrier, fire retardant, and optical properties compared to either the matrix or to conventional composites, commonly called “particulate microcomposites”, because of their unique phase morphology derived by layer intercalation or exfoliation, that maximizes interfacial contact between the organic and inorganic phases and enhances bulk properties [19,20,21].



Since the discovery of carbon nanotubes (CNTs) in 1991 by Iijima [22], CNTs have been extensively studied by researchers in various fields such as chemistry, physics, materials science, and electrical engineering. Carbon nanotubes possess high flexibility, low mass density, and large aspect ratios (typically ca. 300–1000). They have a unique combination of mechanical, electrical, and thermal properties that make them excellent candidates to substitute or complement the conventional nanofillers in the fabrication of multifunctional polymer nanocomposites [14].



The rich bibliography on polymer/clay nanocomposites shows that the effect of montmorillonite on thermal properties of a matrix is complex and many factors contribute to the enhancement of the glass transition, such as OMMT dispersion, the interfacial strength, type of polymer matrix, preparation method, possible catalytic effects induced by organomodifier and/or montmorillonite itself, etc. [23]. Also in the case of carbon nanotubes, many studies report the importance of studying the thermal properties of nanocomposites containing CNTS, particularly with TGA, since a significant enhancement in thermal stability of the polymeric matrices filled with the nanotubes, compared to unfilled ones, was observed [8].



In PN, the efficiency of intercalation of the polymer in the lamellar galleries is usually measured by means of x-ray diffraction (XRD), transmission electronic microscopy (TEM), rheology, NMR, and real-space interface observations [24,25,26]. Although wide angle XRD offers a convenient method to determine the interlayer spacing of the silicate layers in the intercalated nanocomposites, little can be said about the spatial distribution of the silicate layers or on structural non-homogeneities in nanocomposites. On the other hand, TEM is very time-intensive, and only gives qualitative information on the sample as a whole, due to the small investigable area [27]. Differential scanning calorimeter (DSC) has been widely applied to the study of many phenomena occurring during a thermal scan of nanofillers and PN, such as melting, crystallization, cure kinetics, and glass transition. These properties present a peculiar change when dispersion at nanoscale is achieved. Dynamic mechanical thermal analysis (DMTA) was frequently used in nanocomposites characterization since it allows the measurement of stiffness and energy losses as a function of temperature. DMTA data are strongly affected by the degree and the scale of dispersion of nanofillers. Thermal mechanical analysis (TMA) was mainly used to measure the coefficient of thermal expansion (CTE) of nanocomposite materials in comparison with those of the matrix. Thermogravimetric analysis (TGA) has been used to analyze the effect of the introduction of nanofillers into a polymer matrix on the thermal stability of the polymer. The literature concerning the analysis of the thermal stability and degradation of PN by TGA covers numerous original papers as well as comprehensive review articles. Polymer decomposition, either in presence of oxidative or non oxidative gas, significantly depends on the presence of fillers and on their dispersion scale.



Most reviews deal with the effects of different nanofillers on the properties of polymer matrices. In particular, Vyazovkin has published detailed review articles on thermal analysis literature. In these reviews, as well as in much of his own work, he provides considerable insight into use of TA methods for investigating the properties of polymer nanocomposites, including limitations [28,29,30].



However, this work is not intended to be a comprehensive review on the thermal properties of polymeric nanocomposites, but rather to illustrate the versatile applications of thermal analysis (TA) in the emerging field of polymer nanomaterial research. Thermal analysis, in fact, through analyzing bulk samples of several milligrams sizes, is capable of providing information on the average structure of the nanocomposite, even at the nanoscale. Therefore, this review will address the most relevant results obtained by TA that can be used to obtain indirect evidence of the nanodispersion, highlighting the strong potential of such instruments, as low cost techniques frequently available in most industrial and research laboratories. Wilkie has also published extensively on this topic and has demonstrated that synthetic anionic clays, such as layered double hydroxides (LDHs), do not exhibit a correlation between dispersion and montmorillonite nanocomposites [31,32].




2. Results and Discussion


2.1. Differential Scanning Calorimetry (DSC)


Differential scanning calorimetry has been widely applied in the investigation of numerous phenomena occurring during the thermal heating of organoclays and polymer/clay nanocomposites or nanotubes, involving glass transition (Tg), melting, crystallization and curing.



The DSC method is one of the most common techniques applied to investigate the α-transition in polymers and their composites [33]. The α-transition is related to the Brownian motion of the main chains at the transition from the glassy to the rubbery state and the relaxation of dipoles associated with it.



Referring to clay nanocomposites, DSC technique is able to highlight appreciable enhancements in Tg brought about by the presence of nanosized montmorillonite in many polymers. This effect was typically ascribed to the confinement of intercalated polymers within the silicate galleries that prevents the segmental motions of the polymer chains. In the case of polyurethane (PU)—urea nanocomposites, the changes in the glass transition temperature were also interpreted as a result of effective links between polymeric chains and the silicate surface [34]. It was pointed out that these anchored polymer chains could form an interphase region, where the segment relaxation was slower than in the bulk. The restricted relaxation behavior for the polymer nanocomposites with intercalated and exfoliated silicates primarily depended on the exfoliation extent of the layered silicates and on the interaction strength between the silicate surfaces and the PU macromolecules.



Nanocomposite adhesives obtained using a montmorillonite, modified with organic cations (OMMT), in a polyurethane matrix were recently synthesized and characterized by Esposito Corcione et al. [35]. A mix of exfoliated and intercalated layers was obtained, as ascertained by the measurements of structural and macroscopic properties of the nanocomposites. A significant increase of Tg of the nanocomposites as function of OMMT content was also observed by calorimetric analysis, confirming the mentioned limitations to chain segment mobility induced by OMMT. The intercalation of polyester polyol between OMMT lamellae was easily achieved by mixing. The presence of a significant fraction of rigid amorphous phase (xra) was also revealed by calorimetric analysis. The rigid amorphous part of the polymer is defined by Esposito Corcione et al. [36] as being non crystalline (as measured by heat of fusion), but possessing above the glass transition temperature, Tg (of the “mobile amorphous” part) still a Cp (heat capacity) indicative or the solid state (vibrational motion only, continuous to the glassy Cp below Tg). The rigid amorphous fraction of the PU nanocomposites increased with increasing volume fraction (Φ) of OMMT as reported in Figure 1.
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Figure 1. Rigid amorphous fraction of the polyurethane (PU) nanocomposites. 
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The segmental mobility was significantly reduced as OMMT content increased, indicating that PU chain immobilization occurs when they are intercalated between OMMT lamellae. In analogy with the interpretation of rigid amorphous fraction used for semi crystalline polymers, the Heterogeneous Stack Model was considered closer to the behavior of these nanocomposites. It describes the organization of the lamellae of a semi-crystalline polymer within the spherulites. HET makes the assumption that the entire mobile amorphous region (MAF) is outside the lamella stacks and the rigid amorphous fraction is the only amorphous material located between adjacent lamellae. Furthermore, a substantial constant value of the characteristic size of the cooperativity rearranging region (ζa) at Tg was calculated. The existence of cooperativity rearranging regions is a basic concept in several theories and models of glass transition. Basically it means that the rearranging movement of one particle is only possible if a certain number of neighbor particles are also moved. The molecule do not relax independently of one another and that the motion of a particular molecule depends to some degree on that of its neighbors.



In a different work, the data obtained by Temperature Modulated Differential Scanning Calorimetry (TMDSC) showed the relationship between interlayer distance (Δd) and the increment of heat capacity (ΔCp) for PU/clay intercalated nanocomposites [37]. The ΔCp values of nanocomposites with interlayer distances smaller than the characteristic length ζa of bulk polyurethane (1.45 nm), were reduced. However, for nanocomposites with interlayer spacing larger than 2 nm, cooperative rearranging of polyurethane was substantially unmodified by the presence of the nanofiller, and ΔCp values remained the same as that of bulk polyurethane.



Other nanocomposites, however, showed a lower glass transition temperature, or were characterized by no change in the Tg, compared to the neat polymer [38]. Glass transition temperature of nanocomposites based on amorphous poly(ethylene terephthalate) (PETg) and organically modified montmorillonites, obtained by melt intercalation, was also found to slightly decrease by Greco et al. [39,40,41,42], as proved by using the DSC technique. The neat PETg was completely amorphous, with a Tg of about 68.1 °C. After the addition of the nanofiller, the Tg decreased to 67.1 °C and to 66.0 °C for the samples with 10%wt. and 20% wt. of OMMT respectively, as shown in Figure 2.
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Figure 2. Glass transition temperature of nanocomposites based on amorphous poly(ethylene terephthalate) (PETg) and organically modified montmorillonites. 
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The absence of any other exothermal or endothermal signal confirmed that the nanocomposite was amorphous. This is in agreement with the results reported by Kattan et al. [43], who observed that the PETg keeps its amorphous state in most practical experimental conditions. These decreases of Tg. can be attributed to the plasticization effect of the organic modifier of the OMMT, characterized by a very low Tg. The authors also suggest that the decrease in Tg could not be attributed to the organic modifier. If this is the case, all clay nanocomposites should show a lower Tg. Again, this is likely a more general effect of the specific enthalpic interactions. The effect of the nanoparticle on the Tg can be explained by the enthalpic interactions between the polymer and the nanoparticles. Either an increase or decrease in Tg can be induced depending on the specific interactions, as reported by Lewis [44].



The work by Torre et al. showed the strong influence of the preparation route on the thermal properties of polystyrene (PS) nanocomposites [45]. An appreciable reduction in the Tg was observed only for composites obtained from solution, whereas the composites obtained by melt intercalation showed Tg values approximately equal to that of neat polymer. The decrease in Tg could also be attributed to trapped solvent. Some difficulties in detecting changes in Tg for polymer-clay nanocomposites occurring with conventional DSC [46] could be overcome using TMDSC method.



DSC analysis was also used to measure the Tg of CNT- nanocomposites, such as in the case of coiled carbon nanotubes (CCNT) dispersed in an epoxy matrix [47]. Compared to the neat epoxy, a shift of Tg to higher temperatures was observed in the composites with single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs), while there was a decrease in Tg in the CCNT/epoxy composites. The ΔH of polymerization of the SWNT/epoxy composites was higher than that of the unfilled epoxy, while the ΔH calculated for the MWNT/epoxy and CCNT/epoxy composites were both lower than that of the neat epoxy. In particular, the ΔH of MWNT was slightly lower than that of neat resin, whereas for CCNT the ΔH was significantly lower than that of the neat epoxy. It was inferred that during the glass transition process, SWNTs act as a heat sink to accelerate the heat absorption of the epoxy, while CCNTs act as heat-shielding filler and prevents the epoxy from exchanging energy. In epoxy nanocomposites epoxy it is usually adsorbed on the nanoparticle due to lower surface energy as compared to the curing agent. This phenomenon causes segregation and variation of the Tg at the interphase [48]. The observed changes revealed that the tube surface configuration plays an important role in the glass transition behavior of epoxy matrices. It has been demonstrated that the incorporation of carbon fillers can affect the structure of the cured epoxy by restricting the nucleophile–electrophile interaction during the cure reaction by a steric hindrance effect. Accordingly, nanotubes with different shapes would have different steric hindrance effects on the cure reaction occurring in the epoxy in presence of the hardener. The particular helical shape of CCNTs should have a more steric hindrance effect than the straight nanotubes, such as SWNTs and MWNTs. Steric hindrance increases with the ratio surface-to-volume of a nanoparticle. This is not the case here, so steric hindrance is not the reason. The surface of carbon based nanoparticles can be different due to impurities, OH, COOH groups, metallic vs. semimetallic nanotubes, etc. All these factors affect the nanoparticle-polymer interactions. As a result, the cure reaction of the epoxy would be influenced more by CCNTs than by the SWNTs and MWNTs.



Differential scanning calorimetry was also used by Greco et al. [49] to study the thermal characteristics of the species produced during the ring opening polymerization of cyclic butylene-terephthalate (CBT). The effects of the addition of small amounts of sodium and organo-modified montmorillonite on a tin-catalyzed polymerization were analyzed. It was found that the addition of the nanofiller significantly affected the polymerization of CBT, shifting the onset of the polymerization reactions to higher temperatures. This is evident by comparing DSC curves of the CBT01(unfilled) and CBT13MMT (filled with OMMT) systems heated up to different temperatures in an first heating scan, reported in Figure 3 and Figure 4 respectively.



This behavior was attributed to the tin catalyst being adsorbed in the lamellar galleries of the filler, thus reducing its activity for the polymerization reactions. As a consequence, CBT was formed at higher temperatures, preventing it from crystallizing during the heating scan. However, the nanofiller acts as efficient nucleating agent for the crystallization during the cooling cycle. When long isothermal holding times are used at temperatures lower than the equilibrium melting point of poly-butylene-terephthalate (PBT), the resulting polymer can crystallize to some extent and the crystal so produced has a nucleating effect on the crystallization taking place during the subsequent cooling cycle.
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Figure 3. Differential scanning calorimetry (DSC) curves of the CBT01(unfilled) and CBT13MMT(filled with organically modified montmorillonite (OMMT)) systems. 






Figure 3. Differential scanning calorimetry (DSC) curves of the CBT01(unfilled) and CBT13MMT(filled with organically modified montmorillonite (OMMT)) systems.



[image: Materials 05 02960 g003]







[image: Materials 05 02960 g004 1024] 





Figure 4. DSC curves of the CBT01 (unfilled) and CBT13MMT (filled with OMMT) systems. 
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The DSC study of the curing process and its kinetics can give insight into the actual mechanism of cure reaction and its effect on degree of cross-linking and, as a consequence, on mechanical properties. A proper DSC, modified for irradiation of the sample using a UV light source (p-DSC), was used by Esposito Corcione et al. [50] to study the kinetic behavior of novel nanocomposite coatings based on a cycloaliphatic epoxy resin (CE) with two different o-Boehmites (OS1 and OS2), prepared by photochemically initiated cationic polymerization. The reactivity of the nanocomposites matrix was found lower than that of the neat resin, as shown in Figure 5(a,b) in the case of the nanofiller OS2. This behavior was attributed to the light shielding of the Boehmites as a consequence of scattering due to the presence of clusters in the micron-size range.
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Figure 5. Kinetic behavior of novel nanocomposite coatings based on a cycloaliphatic epoxy resin (CE) with two different o-Boehmites (OS1 and OS2). 
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On the other hand, the results of a DSC analysis performed to investigate the curing process of nitrile rubber (NBR)/layered clay nanocomposites showed a reduction in curing time and an increase in enthalpy of curing in the systems with organoclay; autocatalytic model showed the best fit in kinetic modeling [51]. However, a little change in the cure behavior of the NBR/unmodified clay system, if compared to (NBR)/layered clay nanocomposites, was observed, suggesting that the accelerating effect was due to the introduction of ammonium modifier to OMMT. Furthermore, the cure kinetics studies on natural rubber–organoclay [52] and fluoroelastomer/organoclay [53] nanocomposites showed the suitability of the autocatalytic model for analyzing the cure parameters of rubber/clay nanocomposites. DSC analysis of cure kinetics of fluoroelastomer nanocomposites confirmed the catalytic role of organic modifiers on vulcanization process, whereas the opposite effect, consisting in slowing down the curing reaction, was observed in systems based on unmodified clay. Moreover, in DSC experiments a catalytic effect of ammonium compounds on homopolymerization of epoxy resin was observed [54,55]. In Seo et al. work, an increase in curing rate with increasing clay content was considered to be due to the presence of OH groups of the organic modifier of the clay, which could accelerate the epoxy curing reactions [56].



In a paper by Tian and Tagaya, DSC technique was used to investigate the influence of preparation route for nanocomposite materials based on poly(lactic acid) on the polymer morphology. It was found, in fact, that the melting enthalpy of poly(lactic acid)/montmorillonite (PLA/MMT) nanocomposites changed with an increase of nanoadditive content, depending on the method of nanocomposite preparation [57]. The change in melting enthalpy, ΔH, of the PLA/MMT system prepared by melt extrusion was considerably higher than that measured on systems produced by solvent dissolution method. It was suggested that the binding force between PLA and the inorganic compound in the composite prepared by melt extrusion method was higher than that relative to the system prepared by solvent dissolution method.



The value of melting enthalpy, measured by the DSC method, is commonly used to calculate the degree of crystallinity. In poly(ethylene oxide) (PEO)/organically modified montmorillonite (OMM) nanocomposites the degree of crystallinity continuously decreased with increasing the clay content [58]. A decrease in the degree of crystallinity has also been reported to occur, in polyethylene [59], low density polyethylene (LDPE) [60], poly(vinylidenefluoride) [61] and polyamide-6 [62] nanocomposites reinforced with OMM or with bentonite clays.



Kinetic analysis of the polymer crystallization by DSC in isothermal conditions can provide information about the effect of nanoparticles on the mechanism of nucleation and crystals growth. The reduction of the half-crystallization time (t1/2) was considered an evidence of the crystallization rate of polypropylene at low OMMT contents [63]. t1/2 was lower than that of neat polymers for the crystallization process of many polymer matrices modified with OMMT [64,65].



The kinetic analysis of isothermal crystallization of polypropylene-grafted with maleic anhydride copolymer (PP-g-HMA) based nanocomposites showed significant changes of the Avrami exponent n, suggesting the change of the crystal growth process from a three-dimensional crystal growth characteristic of the pristine polymer to a two-dimensional spherulitic growth for the nanocomposites.



In another paper, the Avrami plots showed that the crystal growth of PE in the intercalated sample is two-dimensional, while it is three-dimensional in the exfoliated sample. The activation energy for the crystallization of the intercalated sample is slightly lower than that of the exfoliated sample [66].



DSC was also applied to study the influence of nanoparticles on the polymer matrix morphology formation. As an example, the polymorphic behavior of PA-6 upon the addition of OMMT was studied, using this technique [67,68,69]. During DSC heating scan, neat PA-6 is likely to show only one endothermic peak at a temperature around 225 °C, which was associated with the melting of α-form crystals (Tm,α) [70]. When the same polymer was modified with OMMT, an additional endothermic peak was observed at about 215 °C, corresponding to the temperature of melting of the less stable γ-form crystals (Tm,γ). OMMT was in fact able to enhance the formation of γ-form crystals in PA-6 matrix, especially when crystallization took place in a lower temperature range. The origin of the new peak was explained in terms of the melting of a specific fraction of lamellae formed under stress in the volume of intercalated nanoclay sheets and tethered on the host layers by strong (interfacial) ionic interaction. The calorimetric results indicated also that the hybrids with small amounts of clay presented lower activation energy than PA-6 matrix, whereas those with higher clay loadings showed greater activation energy than PA-6 matrix.



Differential scanning calorimeters have been finally used to measure the thermal conductivity of Graphite Intercalated Compounds (GICs), together with other techniques [71]. The DSC method gave good results for thermal conductivities lower than 1.5 W m–1 K–1 but diverged from other more reliable techniques at higher values, which suggests that the DSC is suitable to measure conductivity for materials having thermal conductivities less than about 1 W m–1 K–1.




2.2. Thermogravimeric Analysis (TGA)


Thermogravimetric analysis performed on numerous PN showed that many polymers filled with montmorillonite and carbon nanotubes exhibited improved thermal stability (i.e., a higher temperature for the onset of thermal degradation), such as in the case of poly(methyl methacrylate) (PMMA) [72], poly(dimethylsiloxane) (PDMS) [73], polyamide (PA) [74,75] and polypropylene (PP) systems [76].



It is usually well accepted that in the case of polymer–clay nanocomposites the improved thermal stability of the PN is mainly due to the formation of a char which hinders the out-diffusion of the volatile decomposition products, as a direct result of the decrease in permeability, usually observed in exfoliated nanocomposites [77]. Despite this, the exact degradation mechanism is currently not clear; such behavior is probably associated with the morphological changes in proportion relative to exfoliated and intercalated species with the clay loading. At low clay loading (ca. 1 wt.%), exfoliation dominates but the amount of exfoliated nanoclay is not enough to enhance the thermal stability through residue formation [78]. In addition, in air atmosphere, clay may slow down oxygen diffusion and thus produce thermo-oxidative reactions. On the other hand, the effect of clay on thermal stability in nitrogen is system dependent; therefore, there is no scientific evidence that there is an increase in thermal stability due to a decrease in permeability. When increasing the clay concentration (2 wt %–4 wt %), much more exfoliated clay is formed, char forms more easily and effectively and, consequently, promotes the thermal stability of the nanocomposites. At even higher clay loading level (up to 10 wt %), the intercalated structure is the dominant population and, even if char is formed in high quantity, the different morphology of the nanocomposite probably does not allow the maintaining of a high thermal stability. However, it is known that the chemical nature of the polymers, the type of clays and their modification route play an important role in the degradation behavior of PN. TGA measurement could also give indirect information about the amount of exfoliated nanoclay in the PN. However, char formation could not affect thermal stability since it is obtained at the very end of the decomposition.



Two important works review the thermal properties and degradation processes of nanocomposites based on different polymer matrices [77,79]. They discuss the basic changes in thermal behavior of different polymeric matrices (polyolefins, polyamides (PA), styrene containing polymers, poly(methyl methacrylate) (PMMA), poly(vinyl chloride) (PVC), polyesters, polyimides (PI), epoxy resins, polyurethanes (PU), ethylene–propylene–diene terpolymer (EPDM), poly(vinyl alcohol) (PVA), and polylactide (PLA) upon addition of montmorillonite, with special focus on the influence of montmorillonite on the kinetics of the degradation process and the formation of condensed/volatile products in oxidative and pyrolytic conditions. The results of recent research reported in the mentioned reviews [77,80] indicate that the introduction of layered silicates into polymer matrix causes an increase in thermal stability. Due to the characteristic structure of layers in a polymer matrix and their shape and dimensions close to molecular level, several effects have been observed that can explain the changes in thermal properties. Experimental results have shown that layers of MMT are impermeable to gases, meaning that both intercalated and exfoliated structure can create a labyrinth for gas penetrating the polymer bulk. Thus, the effect of a “labyrinth” limits the oxygen diffusion inside the nanocomposite during thermal degradation. Similarly, in the samples exposed to a high temperature, the MMT layers restrain the diffusion of gasses evolved during degradation, contributing to keep the neat polymer in contact with a non-oxidizing environment. Moreover, MMT layers are thought to reduce heat conduction. In the presence of MMT layers, strongly interacting with polymer matrix, the motions of polymer chains are limited, as explained in the former section dealing with Tg changes induced by OMMT. This effect brings additional stabilization in the case of polymer/MMT nanocomposites. The heat barrier effect could also provide superheated conditions inside the polymer melt leading to extensive random scission of a polymer chain and the evolution of numerous chemical species which, trapped between clay layers, have more opportunity to undergo secondary reactions. As a result, some degradation pathways could be promoted leading to enhanced charring. It is also suggested that the effect of more effective char production during thermal decomposition of polymer-clay nanocomposites may be derived from a chemical interaction between the polymer matrix and the clay layer surface during thermal degradation. Some authors indicated that catalytic effect of nanodispersed clay is effective in promoting char-forming reactions. Nanodispersed MMT layers were also found to interact with polymer chains in a way that forces the arrangement of macrochains and restricts the thermal motions of polymer domains [79,80]. Generally, the thermal stability of polymeric nanocomposites containing MMT is related to the organoclay content and dispersion. The synthesis methods influence the thermal stability of polymer/MMT nanocomposites as long as they are governing the dispersion degree of clay layers. Currently, extensive research is devoted to the synthesis of novel thermally stable modifiers (including oligomeric compounds) that can ensure good compatibility and improve the nanocomposite thermal stability due to low migration characteristics [79,80].



Using thermogravimetric analysis (TGA), several groups have also reported improved thermal stability in nanotube/polymer composites compared to neat polymers [14,15,16]. Specifically, the onset decomposition temperature, Tonset, and the temperature of maximum weight loss rate, Tpeak, are higher in the nanocomposites. For example, Ge et al. [80] found that 5 wt % MWNT addition caused a 24 °C shift in Tonset as compared to that of the neat PAN. A number of mechanisms have been suggested. Dispersed nanotubes might hinder the flux of degradation products and thereby delay the onset of degradation. Polymers near the nanotubes might degrade more slowly, which would shift Tpeak to higher temperatures. Another possible mechanism attributes the improved thermal stability to the effect of higher thermal conductivity in the nanotube/polymer composites that facilitates heat dissipation within the composite [81]. The observed improvement in thermal stability hints that nanotubes could be efficient as fire-retardant additives in polymer matrices.



A significant enhancement in thermal stability has been also recorded for Poly-Ethylene-Vinyl-Acetate (EVA) filled with the MWNT when compared to unfilled EVA: the two degradation steps of the EVA matrix (first the de-acetylation then the volatilization of resulting unsaturated chains) are shifted to higher temperatures with a decrease of the volatilization rate of the acetic acid and the formation of a stable char, which is further stabilized through π-π electronic interactions with the nanotubes [82].The effect on flame retardancy is concentration dependent. High loadings increase peak of HRR and ignition time (measured by cone calorimeter).




2.3. Dynamic Mechanical Thermal Analysis (DMTA)


DMTA was frequently used in nanocomposites characterization since it allows the measurement of two different moduli of the nanocomposites, the storage modulus (E’) which is related to the ability of the material to return or store mechanical energy, and the loss modulus (E’’), which is related to the ability of the material to dissipate energy as a function of temperature. DMTA data generally showed significant improvements in the storage modulus over a wide temperature range for a large number of polymer nanocomposites with MMT, such as PVDF [83], PP [84] and PMMA [85].



In nanocomposites based on PA-6 a linear increase in storage modulus with increasing the clay content was observed with a simultaneous decrease in intensity of the main relaxation peak [86]. The linear changes in modulus in a range of temperature below Tg was in accordance with coupling model, since in the glassy state both the amorphous and crystal phases of PA-6 have similar mechanical properties. Above the glass transition temperature, the amorphous phase become rubbery and the storage modulus changes from about 1 GPa to 1 MPa. The improvement of dynamic-mechanical properties of nanocomposites may be explained in terms of restricted thermal motions of polymer enveloped by clay nanoplates. The orientation of nanoparticles and higher-order structures of polymer influences the dynamic-mechanical properties as well. Apart from polymer morphology, the strength of interphase interactions was shown to be an important factor [87,88]. For this reason, DMTA technique could be used as an indirect method to have useful information about orientation, exfoliation and interphase interactions of nanoclay.



The introduction of a macromolecular compatibilizer, able to improve the interphase properties and facilitate the exfoliation of OMMT, was beneficial also in terms of dynamic-mechanical properties.



The DMTA analysis is also commonly used to determine the glass transition temperature of polymeric materials from the peak of loss angle tangent (tgδ) or from the maximum of loss modulus (E’’) [89]. However, it must be underlined that the glass transition value calculated using dynamic mechanical analysis is usually much higher (even 20 °C) than that measured by DSC, as clearly demonstrated in experimental papers [90,91].



The glass transition temperature (Tg) values of the pure UV-cured epoxy resin (CE) and of its o-boehmite(OS1) nanocomposites were measured by means of DMTA technique on samples previously exposed to a dynamic UV lamp, allowing a very high radiation intensity on the surface of the sample (1200 mW/cm2) [50]. A typical DMTA spectrum related to a UV-cured CE/OS1 (5 wt.%) sample is reported in Figure 6. The high Tg values obtained clearly indicate that the high intensity of the UV radiation can promote local overheating, determining a well advanced state of curing. A similar behavior was found in a previous work [92]. For all the products containing up to 5 wt.% of the nanofiller, the Tg was found very close to that of the pure UV-cured CE resin. By increasing the amount of the nanofiller in the UV-cured dispersion, a slight decrease of the Tg is evident, thus indicating a slight lowering of the crosslinking density of the polymer network. Since the slight decrease of Tg was observed also for the nanocomposite based on unmodified boehmite, this phenomenon cannot be only related to the presence of the sulfonic acids used for modifying the Boehmite nanoparticles in OS1 and OS2 (such modifying agents could in fact interfere with the photoinitiator in view of the high dissociation constant of the acid, which would produce large amounts of protons). Therefore, this behavior was mainly attributed to a scattering effect of the UV light due to the presence of the nanofillers in the polymer matrix [50].
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Figure 6. Typical dynamic mechanical thermal analysis (DMTA) spectrum of an UV-cured CE/OS1 (5 wt.%) nanocomposite. 
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A different trend was observed in the case of an epoxy matrix filled with the same boehmite nanoparticles (OS1 and OS2) and thermally cured [93]. Glass transition temperature, Tg, of the epoxy matrix nanocomposites was measured using dynamical mechanical analysis, in correspondence of the maximum of the loss modulus E’’. The loss modulus of nanocomposites with different concentration of boehmite (0%–15% wt.) was found to be significantly higher than that of the neat epoxy. An increase of the loss modulus in the glassy state about 50% was achieved as a result of incorporation of 10% wt. of the nanofiller into the epoxy resin. These losses are accompanied by an increase of Tg up to 9 °C for 10% of boehmite content. On the other hand E’’ was unaffected by the presence of the nanofiller in the rubbery state. Any further increase of nanoparticles concentration was associated to a lower increase of Tg, which can be detected using DMTA analysis. Another relevant feature of polymer nanocomposites is given by the decrease of the intensity and the broadening of the tan δ peak in correspondence of the glass transition temperature [94,95,96].



DMTA technique was also used to characterize carbon nanotubes nanocomposites [97,98]. As an example, Gou [98]. developed a new processing method for the fabrication of single-walled nanotube (SWNT)-reinforced nanocomposites: the nanocomposites were fabricated by infiltration of diluted epoxy resin through a bulky paper followed by hot pressing. The wetting of the nanocomposites was examined using scanning electron microscopy and atomic force microscopy. The results showed that the epoxy resin completely penetrated the bulky paper through the nanoporous structures. The thermomechanical behavior of the nanocomposites was assessed using DMTA by monitoring the storage modulus against temperature. The modulus of the neat epoxy resin was increased by the stiffening effect of the nanotubes. The weight fraction of the nanotubes in the nanocomposites induced a stiffening effect. A slight reduction in the Tg values of the nanocomposites containing nanotubes at various compositions was observed. Compared to the neat epoxy resin, there is no apparent Tg peak on the tan δ curves of the nanocomposites. Above Tg, the tan δ curve continuously increases rather than returning to the baseline. For neat epoxy resin, the chain segments cannot completely move below its glass transition. The very low value of tan δ for neat resin means that there is no significant energy loss. During the glass transition, the molecule segment absorbs enough energy and begins to move; however, the free space in the polymer is too small, so more energy is required for the resin molecules to move. At a temperature higher than Tg, a larger free volume is available in the polymer to allow the molecule segments to freely move, leading to a decrease in the tan δ curve. The nanotubes have a large surface area and they are at the same scale as the resin molecules in SWNT bulky paper-reinforced nanocomposites. Therefore, the resin chain segments strongly interact with the nanotubes with associated high. These strong interactions between the nanotubes and chain segments could be responsible for the high values of tan δ above Tg observed in CNT nanocomposites.




2.4. Thermal Mechanical Analysis (TMA)


TMA is a highly sensitive technique for the measurement of expansion and contraction of cross-linked or filled materials, including nanocomposites [99]. TMA was used to measure the coefficient of thermal expansion (CTE) of nanocomposite materials based on PA-6 [100,101], PP [102], PA [103], PS [104]. It has been generally found that CTE is lower in nanomaterials in comparison to unmodified polymer, especially for low contents of OMMT. In general, the extent of CTE reduction depends on the particle rigidity and on the dispersion of the clay platelets in the matrix and also on an efficient stress transfer to clay layers. It is believed that the retardation of chain segmental movement through incorporation of organically modified clays also leads to decrease in the CTE [105].



As an example, in order to investigate the anisotropy of thermal expansion of PA-6/montmorillonite nanocomposites, TMA measurements were performed on injection molded samples in the three orthogonal directions, i.e., flow direction (FD), transverse direction (TD) and normal direction (ND). PA-6 modified with OMMT was found to exhibit lower values of CTE than pure polymer in the direction parallel to the melt flow during injection molding [101], while increased values of CTE were measured in the direction normal to the melt flow. The latter result suggested a non-uniform orientation of exfoliated platelets about FD, since perfect alignment of disk-like platelets in an isotropic matrix must yield identical expansion coefficients for both FD and TD. Chains may have more orientation along FD than TD, thus leading to lower thermal expansion. Of course, disparity between the two directions may also reflect differences in the orientation of polymer crystallites. This trend may be explained by platelet orientation and anisotropy effects.



TMA results may indirectly provide information about the spatial orientation of MMT layers in nanocomposite materials.



A trend of CTE similar the latter results was obtained by TMA measurements performed on the multi-walled carbon nanotubes (MWNTs) infused through and between glass-fiber tows along the through-thickness direction [106]. Both pristine and functionalized MWNTs were used in fabricating multiscale glass-fiber-reinforced epoxy composites. The CTEs of the resin and the resin/fiber system were tested by TMA with a ramp rate of 5 °C min−1.



It was supposed that the CTE of MWNTs is negative. Thus the addition of MWNTs, especially well-dispersed and functionalized MWNTs, may reduce the CTEs of the nanocomposites [107]. The thermal expansion curves demonstrated that the CTE at temperatures above Tg was much higher than the corresponding CTE at temperatures below Tg. At temperatures below the glass transition temperature (Tg), the CTE values of CNT-reinforced epoxy/glass-fiber samples were lower than that of epoxy/glass-fiber sample with only 1 wt% of MWNTs, since the CTE of MWNTs was negative. Moreover, a lower CTE was obtained in functionalized MWNT/epoxy/glass-fiber nanocomposites at temperatures below the Tg, which suggested that smaller CNT bundles produced smaller CTE values below Tg.



TMA can be also used to measure the glass transition, in terms of change in the CTEs, as the polymer turns from glass to rubber state with a dramatic change in free molecular volume. Thus, Tg can be determined from the thermal expansion curve. The reduction of Tg, in the presence of the nanofiller, indicated that the crosslinking density of functionalized MWNT/epoxy/glass fiber nanocomposite is obviously decreased because of the interference of functionalized groups on the MWNTs. However, the Tg of MWNT/epoxy/glass-fiber nanocomposite was almost the same as that of pure epoxy, which suggested that the pristine MWNTs did not participate in the epoxy curing reaction and were not fully integrated into the epoxy crosslinked network [107].





3. Conclusions


Polymer nanocomposites (PN), i.e., polymer composites reinforced with inorganic fillers of dimensions in the nanometer range, have attracted a great interest of researchers, due to unexpected synergistic properties derived from the two components.



In PN, the efficiency of intercalation of the polymer in the lamellar galleries is usually measured by means of X-ray diffraction (XRD) and /or transmission electronic microscopy (TEM). Although wide angle XRD offers a convenient method to determine the interlayer spacing of the silicate layers in the intercalated nanocomposites, little can be said about the spatial distribution of the silicate layers or on structural non-homogeneities in nanocomposites. On the other hand, TEM is very time-intensive, and only gives qualitative information on the sample as a whole, due to the small investigable area.



On the other hand, thermal analysis (TA) is a useful tool to investigate a wide variety of properties of polymers and it can be also applied to PN in order to gain a further insight into their structure, in particular in the case of montmorillonite nanocomposites. This review presents some useful examples of applications of differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), dynamic mechanical thermal analysis (DMTA) and thermal mechanical analysis (TMA) for the characterization of nanocomposite materials.







References


	



Di Lorenzo, M.L.; Frigione, M. Compatibilization criteria and procedures for binary blends: A review. J. Polym. Eng. 1997, 17, 429–459. [Google Scholar]

	



Lionetto, F.; Frigione, M. Mechanical and natural durability properties of wood treated with a novel organic preservative/consolidant product. Mater Des. 2009, 30, 3303–3307. [Google Scholar] [CrossRef]

	



Frigione, M.; Calò, E. Influence of an hyperbranched aliphatic polyester on the cure kinetic of a trifunctional epoxy resin. J. Appl. Polym. Sci. 2008, 107, 1744–1758. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Frigione, M. A novel procedure able to predict the rheological behavior of Trifunctional epoxy resin/hyperbranched aliphatic polyester misture. Polym. Test. 2009, 28, 830–835. [Google Scholar]

	



Komarneni, S.J. Nanocomposites. Mater. Chem. 1992, 2, 12–19. [Google Scholar] [CrossRef]

	



Gleiter, H. Nanostructured materials. Adv. Mater. 1992, 4, 474–479. [Google Scholar] [CrossRef]

	



Ziolo, R.F.; Giannelis, E.P.; Weinstein, B.A.; O’Horo, M.P.; Granguly, B.N.; Mehrota, V.; Russel, M.W.; Huffman, D.R. Matrix-mediated synthesis of nanocrystalline ggr-Fe2O3: A new optically transparent magnetic material. Science 1992, 257, 219–223. [Google Scholar] [CrossRef] [PubMed]

	



Bauera, F.; Glasela, H.-J.; Hartmanna, E.; Langgutha, H.; Hinterwaldner, R. Functionalized inorganic/organic nanocomposites as new basic raw materials for adhesives and sealants. Int. J. Adhes. Adhes. 2004, 24, 519–522. [Google Scholar] [CrossRef]

	



Indennidate, L.; Cannoletta, D.; Lionetto, F.; Greco, A.; Maffezzoli, A. Nanofilled polyols for viscoelastic polyurethane foams. Polym. Int. 2010, 59, 486–491. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Frigione, M.; Acierno, D. Rheological characterization of UV—Curable epoxy systems: Effects of o-Boehmite nanofillers and a hyperbranched polymeric modifier. J. Appl. Polym. Sci. 2009, 112, 1302–1310. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Frigione, M. UV—cured polymer—Boehmite nanocomposite as protective coating for wood elements. Prog. Org. Coat. 2012, 74, 781–787. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Manera, M.G.; Maffezzoli, A.; Rella, R. Synthesis and characterization of optically transparent epoxy matrix nanocomposites. Mater. Sci. Eng. C 2009, 29, 1798–1802. [Google Scholar] [CrossRef]

	



Frigione, M.; Esposito Corcione, C. Rheological and kinetic characterization of UV photopolymerizable formulations as a function of the boehmite nanoparticle content. Open Mater. Sci. J. 2012, 6, 68–76. [Google Scholar] [CrossRef]

	



Moniruzzaman, M.; Karen, I.W. Polymer nanocomposites containing carbon nanotubes. Macromolecules 2006, 39, 5194–5205. [Google Scholar] [CrossRef]

	



Bredeau, S.; Peeterbroeck, S.; Bonduel, D.; Alexandre, M.; Dubois, P. From carbon nanotube coatings to high-performance polymer nanocomposites. Polym. Int. 2008, 57, 547–553. [Google Scholar] [CrossRef]

	



Breuer, O.; Sundararaj, U. Big returns from small fibers: A review of polymer/carbon nanotube composites. Polym. Compos. 2004, 25, 641–647. [Google Scholar] [CrossRef]

	



Martone, A.; Grassia, L.; Zarrelli, M.; Giordano, M.; D’Amore, A.A. Enthalpy relaxation of an epoxy matrix/carbon nanotubes. AIP Conf. Proc. 2012, 1459, 347–349. [Google Scholar]

	



Grassia, L.; D’Amore, A. Calculation of the shrinkage-induced residual stress in a viscoelastic dental restorative material AIP. AIP Conf. Proc. 2012, 1459, 312–315. [Google Scholar]

	



Esposito Corcione, C.; Prinari, P.; Cannoletta, D.; Mensitieri, G.; Maffezzoli, A. Synthesis and characterization of clay-nanocomposite solvent-based polyurethane adhesives. Int. J. Adhes. Adhes. 2008, 28, 91–100. [Google Scholar] [CrossRef]

	



Calò, E.; Massaro, C.; Terzi, R.; Cancellara, A.; Pesce, E.; Rea, M.; Greco, A.; Maffezzoli, A.; Gonzalez-Chi, P.I.; Salomi, A. Rotational molding of polyamide-6 nanocomposites with improved flame retardancy. Int. Polym. Porcess. 2012, 27, 370–377. [Google Scholar] [CrossRef]

	



Greco, A.; Maffezzoli, A.; Calò, E.; Massaro, C.; Terzi, R. An investigation into sintering of PA6 nanocomposite powders for rotational molding. J. Therm. Anal. Calorim. 2012, 109, 1493–1502. [Google Scholar] [CrossRef]

	



Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [Google Scholar] [CrossRef]

	



Leszczynska, A.; Pielichowski, K. Application of thermal analysis methods for characterization of polymer/montmorillonite nanocomposites. J. Therm. Anal. Calorim. 2008, 93, 677–687. [Google Scholar] [CrossRef]

	



Reinhard, W.; Thomas, J.G.; Reisinger, A. rheological method to compare the degree of exfoliation of nanocomposites. Polymer 2003, 44, 7513–7518. [Google Scholar] [CrossRef]

	



Serge, B.; VanderHart, D.L.; Gilman, J.W.; Awad, W.H.; Davis, R.D.; Morgan, A.B.; Wilkie, C.A. Investigation of nanodispersion in polystyrene–montmorillonite nanocomposites by solid-state NMR. J. Polym. Sci. Part B Polym. Phys. 2003, 41, 3188–3213. [Google Scholar]

	



Zammarano, M.; Maupin, P.H.; Li, P.; Gilman, J.W.; McCarthy, E.D.; Kim, Y.S.; Fox, D.M. Revealing the Interface in polymer nanocomposites. ACS Nano 2011, 5, 3391–3399. [Google Scholar] [CrossRef] [PubMed]

	



Ray, S.S.; Okamoto, M. Polymer/layered silicate nanocomposites: A review from preparation to processing. Prog. Polym. Sci 2003, 28, 1539–1641. [Google Scholar] [CrossRef]

	



Vyazovkin, S. Thermal analysis. Anal. Chem. 2004, 76, 3299–3312. [Google Scholar] [CrossRef] [PubMed]

	



Vyazovkin, S. Thermal analysis. Anal. Chem. 2006, 78, 3875–3886. [Google Scholar] [CrossRef] [PubMed]

	



Vyazovkin, S. Thermal analysis. Anal. Chem. 2008, 80, 4301–4316. [Google Scholar] [CrossRef] [PubMed]

	



Matusinovic, Z.; Lu, H.; Wilkie, C.A. The role of dispersion of LDH in fire retardancy: The effect of dispersion on fire retardant properties of polystyrene/Ca-Al layered double hydroxide nanocomposites. Polym. Degrad. Stab. 2012, 97, 1563–1568. [Google Scholar] [CrossRef]

	



Wang, L.; He, X.; Lu, H.; Feng, J.; Xie, X.; Su, S.; Wilkie, C.A. Flame retardancy of polypropylene nanocomposites containing LDH and zinc borate. Polym. Adv. Technol. 2011, 22, 1131–1138. [Google Scholar] [CrossRef]

	



Lionetto, F.; Maffezzoli, A. Polymer characterization by ultrasonic wave propagation. Adv. Polym. Technol. 2008, 27, 63–73. [Google Scholar] [CrossRef]

	



Sreedhar, B.; Chattopadhyay, D.K.; Swapna, V. Thermal stability and flame retardancy of polyurethanes. Prog. Polym. Sci. 2006, 34, 1068–1133. [Google Scholar]

	



Esposito Corcione, C.; Maffezzoli, A.; Mensitieri, G. Analysis of the structure and mass transport properties of nanocomposite polyurethane. Polym. Eng. Sci. 2009, 49, 1708–1718. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Maffezzoli, A. Glass transition in thermosetting clay-nanocomposite polyurethanes. Thermochim. Acta 2009, 485, 43–48. [Google Scholar] [CrossRef]

	



Xia, H.; Song, M. Characteristic length of dynamic glass transition based on polymer/clay intercalated nanocomposites. Thermochim. Acta 2005, 429, 1–5. [Google Scholar] [CrossRef]

	



Tian, H.; Tagaya, H. Preparation, characterization and mechanical properties of the polylactite/perlite and the polylactite/montmorillonite composites. J. Mater. Sci. 2007, 42, 3244–3250. [Google Scholar] [CrossRef]

	



Greco, A.; Esposito Corcione, C.; Strafella, A.; Maffezzoli, A. Analysis of the structure and mass transport properties of clay nanocomposites based on amorphous PET. J. Appl. Polym. Sci. 2010, 118, 3666–3672. [Google Scholar] [CrossRef]

	



Greco, A.; Gennaro, R.; Rizzo, M. Glass transition and cooperative rearranging regions in amorphous thermoplastic nanocomposites. Polym. Int. 2012, 61, 1326–1333. [Google Scholar] [CrossRef]

	



Greco, A.; Rizzo, M.; Maffezzoli, A. Effect of the addition of organically modified nanofiller on the relaxation behavior of a thermoplastic amorphous matrix. Thermochim. Acta 2012, 534, 226–231. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Cavallo, A.; Pesce, E.; Greco, A.; Maffezzoli, A. Evaluation of the degree of dispersion of nanofillers by mechanical, rheological and permeability analysis. Polym. Eng. Sci. 2011, 51, 1280–1285. [Google Scholar] [CrossRef]

	



Kattan, M.; Dargent, E.; Ledru, J.; Grenet, J. Strain-induced crystallization in uniaxially drawn PETG plates. J. Appl. Polym. Sci. 2001, 81, 3405–3412. [Google Scholar] [CrossRef]

	



Lewis, S.L. Interface Control in Polymer Nanocomposites. Ph.D Dissertation, Rensselaer Polytechnic Institute, Troy, NY, USA, 2007. [Google Scholar]

	



Torre, L.; Lelli, G.; Kenny, J.M. Synthesis and characterization of sPS/montmorillonite nanocomposites. J. Appl. Polym. Sci. 2006, 100, 4957–4963. [Google Scholar] [CrossRef]

	



Verdonck, E.; Schaap, K.; Thomas, L.C. A discussion of the principles and applications of Modulated Temperature DSC (MTDSC). Int. J. Pharm. 1999, 192, 3–25. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Lau, K.T.; Xu, J.; Li, H. Electroless plating of copper through successive pretreatment with silane and colloidal silver. Colloid. Surface. A 2005, 257–258, 283–286. [Google Scholar]

	



Drzal, L.T. The interphase in epoxy composites. Adv. Polym. Sci. 1986, 75, 1–32. [Google Scholar]

	



Lanciano, G.; Greco, A.; Maffezzoli, A.; Mascia, L. Effects of thermal history in the ring opening polymerization of CBT and its mixtures with montmorillonite on the crystallization of the resulting poly(butylene terephthalate). Thermochim. Acta 2009, 493, 61–67. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Frigione, M.; Maffezzoli, A.; Malucelli, G. Photo—DSC and real time FT—IR kinetic study on a UV curable epoxy resin containing O-boehmites. Eur. Polym. J. 2008, 44, 2010–2023. [Google Scholar] [CrossRef]

	



Choi, D.; Kader, M.A.; Cho, B.-H.; Huh, Y. Vulcanization kinetics of nitrile rubber/layered clay nanocomposites. J. Appl. Polym. Sci. 2005, 98, 1688–1696. [Google Scholar] [CrossRef]

	



López-Manchado, M.A; Arroyo, M.; Herrero, B.; Biagiotti, J. Vulcanization kinetics of natural rubber—Organoclay nanocomposites. J. Appl. Polym. Sci. 2003, 89, 1–15. [Google Scholar] [CrossRef]

	



Kader, M.A.; Nah, C. Influence of clay on the vulcanization kinetics of fluoroelastomer nanocomposites. Polymer 2004, 45, 2237–2247. [Google Scholar] [CrossRef]

	



Lan, T.; Kaviratna, P.D.; Pinnavaia, T.J.J. Epoxy self-polymerization in smectite clays. Phys. Chem. Sol. 1996, 57, 1005–1010. [Google Scholar] [CrossRef]

	



Ton-That, M.-T.; Ngo, T.-D.; Ding, P.; Fang, G.; Coleand, K.C.; Hoa, S.V. Epoxy nanocomposites: Analysis and kinetics of cure. Polym. Eng. Sci. 2004, 44, 1132–1141. [Google Scholar] [CrossRef]

	



Seo, K.S.; Dae, S.K. Curing behavior and structure of an epoxy/clay nanocomposite system. Polym. Eng. Sci. 2006, 46, 1318–1325. [Google Scholar] [CrossRef]

	



Tian, H.; Tagaya, H. Preparation, characterization and mechanical properties of the polylactide/montmo-rillonite composites. J. Mater. Sci. 2007, 42, 3244–3250. [Google Scholar] [CrossRef]

	



Hikosaka, M.Y.; Pulcinelli, S.H.; Santilli, C.V.; Dahmouche, K.; Craievich, A.F. Montmorillonite (MMT) effect on the structure of poly(oxyethylene) (PEO)-MMT nanocomposites and silica-PEO-MMT hybrid materials. J. Non-Cryst. Solids 2006, 352, 3705–3710. [Google Scholar] [CrossRef]

	



Gopakumar, T.G.; Lee, J.A.; Kontopoulou, M.; Parent, J.S. Influence of clay exfoliation on the physical properties of montmorillonite/polyethylene composites. Polymer 2002, 43, 5483–5491. [Google Scholar] [CrossRef]

	



Morawiec, A.; Pawlak, J.; Slouf, M.; Galeski, A.; Piorkowska, E.; Krasnikowa, N. Preparation and properties of compatibilized LDPE/organo-modified montmorillonite nanocomposites. Eur. Polym. J. 2005, 41, 1115–1122. [Google Scholar] [CrossRef]

	



Priya, L.; Jog, J.P. Poly(vinylidene fluoride)/clay nanocomposites prepared by melt intercalation: Crystallization and dynamic mechanical behavior studies. J. Polym. Sci. Part B Polym. Phys. 2002, 40, 1682–1689. [Google Scholar] [CrossRef]

	



Tjong, S.C.; Bao, S.P. Preparation and nonisothermal crystallization behavior of polyamide 6/montmorillonite nanocomposites. J. Polym. Sci. Part B Polym. Phys. 2004, 42, 2878–2891. [Google Scholar] [CrossRef]

	



Wu, J.-Y.; Wu, T.-M.; Chen, W.-Y.; Tsai, S.-J.; Kuo, W.-F.; Chang, G.-Y. Preparation and characterization of PP/clay nanocomposites based on modified polypropylene and clay. J. Polym. Sci. Part B Polym. Phys. 2005, 43, 3242–3254. [Google Scholar] [CrossRef]

	



Xu, W.B.; Zhai, H.B.; Guo, H.Y.; Zhou, Z.F.; Whitely, N.; Pan, W.-P. Application of thermal analysis methods for characterization of polymer/montmorillonite nanocomposites. J. Therm. Anal. Calorim. 2004, 78, 101–107. [Google Scholar] [CrossRef]

	



Wang, Y.; Shen, C.; Li, H.; Li, Q.; Chen, J. Nonisothermal melt crystallization kinetics of poly(ethylene terephthalate)/clay nanocomposites. J. Appl. Polym. Sci. 2004, 91, 308–314. [Google Scholar] [CrossRef]

	



Xu, J.-T.; Wang, Q.; Fan, Z.-Q. Non-isothermal crystallization kinetics of exfoliated and intercalated polyethylene/montmorillonite nanocomposites prepared by in situ polymerization. Eur. Polym. J. 2005, 41, 3011–3017. [Google Scholar] [CrossRef]

	



Chiu, F.-C.; Lai, S.-M.; Chen, Y.-L.; Lee, T.-H. Investigation on the polyamide 6/organoclay nanocomposites with or without a maleated polyolefin elastomer as a toughener. Polymer 2005, 46, 11600–11609. [Google Scholar] [CrossRef]

	



Wu, T.M.; Chen, E.C.; Liao, C.S. Polymorphic behavior of nylon 6/saponite and nylon 6/montmorillonite nanocomposites. Polym. Eng. Sci. 2002, 42, 1141–1150. [Google Scholar] [CrossRef]

	



González, I.; Eguiazábal, J.I.; Nazábal, J. Rubber-toughened polyamide 6/clay nanocomposites. Compos. Sci. Technol. 2006, 66, 1833–1843. [Google Scholar] [CrossRef]

	



Li, T.-C.; Ma, J.; Wang, M.; Tjiu, W.C.; Liu, T.; Huang, W. Effect of clay addition on the morphology and thermal behavior of polyamide 6. J. Appl. Polym. Sci. 2007, 103, 1191–1197. [Google Scholar] [CrossRef]

	



Fukushima, H.; Drzal, L.T.; Rook, B.P.; Rich, M.J. Thermal conductivity of exfoliated graphite nanocomposites. J. Therm. Anal. Calorim. 2006, 85, 235–238. [Google Scholar] [CrossRef]

	



Blumstein, A. Polymerization of adsorbed monolayers. II. Thermal degradation of the inserted polymer. J. Polym. Sci. Part A 1965, 3, 2665–2672. [Google Scholar]

	



Burnside, S.D.; Giannelis, E.P. Synthesis and properties of new poly(dimethylsiloxane) nanocomposites. Chem. Mater. 1995, 7, 1597–1603. [Google Scholar] [CrossRef]

	



Qin, H.; Su, Q.; Zhang, S.; Zhao, B.; Yang, M. Thermal stability and flammability of polyamide 66/montmorillonite nanocomposites. Polymer 2003, 44, 7533–7538. [Google Scholar] [CrossRef]

	



Ide, F.; Hasegawa, A. Studies on polymer blend of nylon 6 and polypropylene or nylon 6 and polystyrene using the reaction of polymer. J. Appl. Polym. Sci. 1974, 18, 963–974. [Google Scholar] [CrossRef]

	



Zanetti, M.; Camino, G.; Peichert, P.; Mülhaupt, R. Thermal behaviour of poly(propylene) layered silicate nanocomposites. Macromol. Rapid Commun. 2001, 22, 176–180. [Google Scholar] [CrossRef]

	



Leszczyńska, A.; Njuguna, J.; Pielichowski, K.; Banerjee, J.R. Polymer/montmorillonite nanocomposites with improved thermal properties: Part I. Factors influencing thermal stability and mechanisms of thermal stability improvement. Thermochim. Acta 2007, 453, 75–96. [Google Scholar] [CrossRef][Green Version]

	



Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: Preparation, propertiesand uses of a new class of materials. Mater. Sci. Eng. 2000, 28, 1–63. [Google Scholar] [CrossRef]

	



Leszczy´nska, A.; Njuguna, J.; Pielichowski, K.; Banerjee, J.R. Polymer/montmorillonite nanocomposites with improved thermal properties: Part II. Thermal stability of montmorillonite nanocomposites based on different polymeric matrixes. Thermochim. Acta 2007, 454, 1–22. [Google Scholar] [CrossRef][Green Version]

	



Ge, J.; Hou, H.; Li, Q.; Graham Matthew, J.; Greiner, A.; Reneker Darrell, H.; Harris Frank, W.; Cheng, Z. Assembly of well-aligned multiwalled carbon nanotubes in confined polyacrylonitrile environments: Electrospun composite nanofiber sheets. J. Am.Chem. Soc. 2004, 126, 15754–15761. [Google Scholar] [CrossRef] [PubMed]

	



Huxtable, S.T.; Cahill, D.G.; Shenogin, S.; Xue, L.; Ozisik, R.; Barone, P.; Usrey, M.; Strano, M.S.; Siddons, G.; Shim, M.; Keblinski, P. Interfacial heat flow in carbon nanotube suspensions. Nat. Mater. 2003, 2, 731–734. [Google Scholar] [CrossRef] [PubMed]

	



Song, P.; Yu, Y.; Wu, Q.; Fu, S. Facile fabrication of HDPE-g-MA/nanodiamond nanocomposites via one-step reactive blending. Nanoscale Res. Lett. 2012, 7. [Google Scholar] [CrossRef]

	



Priya, L.; Jog, J.P. Intercalated poly(vinylidene fluoride)/clay nanocomposites: Structure and properties. J. Polym. Sci. Part B Polym. Phys. 2003, 41, 31–38. [Google Scholar] [CrossRef]

	



Lei, S.G.; Hoa, S.V.; Ton-That, M.-T. Effect of clay types on the processing and properties of polypropylene nanocomposites. Compos. Sci. Technol. 2006, 66, 1274–1279. [Google Scholar] [CrossRef]

	



Meneghetti, P.; Qutubuddin, S. Synthesis, thermal properties and applications of polymer-clay nanocomposites. Thermochim. Acta 2006, 442, 74–77. [Google Scholar]

	



Masenelli-Varlot, K.; Reynaud, E.; Vigier, G.; Varlet, J. Mechanical properties of clay-reinforced polyamide. J. Polym. Sci. Part B Polym. Phys. 2002, 40, 272–278. [Google Scholar] [CrossRef]

	



Liu, X.; Wu, Q.; Berglund, L.A.; Lindberg, H.; Fan, J.; Qi, Z. Polyamide 6/clay nanocomposites using a cointercalation organophilic clay via melt compounding. J. Appl. Polym. Sci. 2003, 88, 953–958. [Google Scholar] [CrossRef]

	



Lionetto, F.; Maffezzoli, A. Rheological characterization of concentrated nanoclay dispersions in an organic solvent. Appl. Rheol. 2009, 19, 23423:1–23423:8. [Google Scholar]

	



Lionetto, F.; Maffezzoli, A. Relaxations during the postcure of unsaturated polyester networks by ultrasonic wave propagation, dynamic mechanical and dielectric analysis. J. Polym. Sci. Pol. Phys. 2005, 43, 596–602. [Google Scholar] [CrossRef]

	



Nielsen, L.E. Mechanical Properties of Polymers and Composites; CRC: New York, NY, USA, 1994. [Google Scholar]

	



Lionetto, F.; Montagna, F.; Maffezzoli, A. Ultrasonic dynamic mechanical analysis of polymers. Appl. Rheol. 2005, 15, 326–335. [Google Scholar]

	



Malucelli, G.; Bongiovanni, R.; Sangermano, M.; Ronchetti, S.; Priola, A. Preparation and characterization of UV-cured epoxy nanocomposites based on o-montmorillonite modified with maleinized liquid polybutadienes. Polymer 2007, 48, 7000–7007. [Google Scholar] [CrossRef]

	



Esposito Corcione, C.; Fasiello, A.; Maffezzoli, A. Synthesis and characterization of boehmite reinforced epoxy nanocomposites. J. Nanostruct. Polym. Nanocompos. 2007, 3, 82–89. [Google Scholar]

	



Al Arbash, A.; Ahmad, Z.; Al Sagheer, F.; Ali, A.A.M. Microstructure and thermomechanical properties of polyimide-silica nanocomposites. J. Nanomater. 2006, 2006, 58648:1–58648:9. [Google Scholar]

	



Huang, J.; Lim, P.C.; Shen, L.; Pallathadka, P.K.; Zeng, K.; He, C. Cubic silsesquioxane-polyimide nanocomposites with improved thermomechanical properties and dielectric properties. Acta Mater. 2005, 53, 2395–2404. [Google Scholar] [CrossRef]

	



Bandyopadhyay, J.; Ray, S.S.; Bousmina, M.J. Thermal and thermo-mechanical properties of poly(ethylene terephthalate) nanocomposites. Ind. Eng. Chem. 2007, 13, 614–623. [Google Scholar]

	



Jihua, G. Single-walled nanotube bucky paper and nanocomposite. Polym. Int. 2006, 55, 1283–1288. [Google Scholar]

	



Zhao, X.; Pramoda, K.P.; Xu, G.; Goh, S.H. Dynamic mechanical behavior of melt-processed multi-walled carbon nanotube/poly(methyl methacrylate) composites. Chem. Phys. Lett. 2001, 337, 43–47. [Google Scholar] [CrossRef]

	



Krump, H.; Luyt, A.S.; Hudec, I. Effect of different modified clays on the thermal and physical properties of polypropylene-montmorillonite nanocomposites. Mater. Lett. 2006, 60, 2877–2880. [Google Scholar] [CrossRef]

	



Yoon, P.J.; Fornes, T.D.; Paul, D.R. Thermal expansion behavior of nylon 6 nanocomposites. Polymer 2002, 43, 6727–6741. [Google Scholar] [CrossRef]

	



Shen, L.; Lin, Y.; Du, Q.; Zhnog, W. Studies on structure-property relationship of polyamide-6/attapulgite nanocomposites. Compos. Sci. Technol. 2006, 66, 2242–2248. [Google Scholar] [CrossRef]

	



Krump, H.; Luyt, A.S.; Hudec, I. Effect of different modified clays on the thermal and physical properties of polypropylene-montmorillonite nanocomposites. Mater. Lett. 2006, 60, 2877–2880. [Google Scholar]

	



Liang, Z.-M.; Yin, J.; Wu, J.-H.; Qiu, Z.-X.; He, F.-F. Polyimide/montmorillonite nanocomposites with photolithographic properties. Eur. Polym. J. 2004, 40, 307–314. [Google Scholar] [CrossRef]

	



Fu, H.K.; Kuo, S.W.; Yeh, D.R.; Chang, F.C. Properties enhancement of PS nanocomposites through the POSS surfactants. J. Nanomater. 2008, 2008, 739613:1–739613:7. [Google Scholar] [CrossRef]

	



Asif, A.; Rao, V.L.; Saseendran, V.; Ninan, K.N. Thermoplastic toughened layered silicate epoxy ternary nanocomposites—Preparation, morphology, and thermomechanical properties. Polym. Eng. Sci. 2009, 49, 756–767. [Google Scholar] [CrossRef]

	



Qiu, J.; Zhang, C.; Wang, B.; Liang, R. Carbon nanotube integrated multifunctional. Compos. Nanotechnol. 2007, 18, 275708:1–275708:12. [Google Scholar]

	



Liang, G.D.; Tjong, S.C. Electrical properties of low-density polyethylene/multiwalled carbon nanotube nanocomposites. Mater. Chem. Phys. 2006, 100, 132–137. [Google Scholar] [CrossRef]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
heat flux (W/g) endo up

_ first heating/cooling scan

first heating to 240°C
---------- first heating to 220°C /\_'j)

70 PR el T ;:».:—;:-"
7 second heating scan
first heating to 240°C
- first heating to 220°C - /\/L_,_,-,
60 e
PRS-
50 100 150 200 250

temperature (°C)





nav.xhtml


  materials-05-02960


  
    		
      materials-05-02960
    


  




  





media/file11.png
Log E' [Pa]

8.5
T
et 1Y -F'. J05
- g m §
..l. H l| - 1 tan &
8.0 - [
o R 104
R n
i 4‘ -
L
7.5 . 403
= 1
[ | \
1 : L
1 u Jo2
7.0 4 n |
| - ...1'::" 101
6.5 — ———L L L -'ﬂ'l
' | ! ' | ' I ' | ' 0.0
50 100 150 200 250 A00

Temperature [°C]





media/file1.png
ra

0.35

0.30

0.25

0.20 —

0.15 4

0.10 <

0.05

0.00 —

-0.05

22—






media/file2.png
heat flux (W/g) endo up

0.27 ~

0.24 4

0.21 1

0.18 1

PETg nanocomposites

0% wt. OMMT

————————— 10 % wt. OMMT
20% wt. OMMT

60 80 100
temperature (°C)





media/file7.png
heat flux (W/g) endo up

first heating/cooling scan

up to 240°C
--e-eener P 10 220°C

70| === f—ff"““_i\[.. vy
second heating scan
after first heating to 240°C [’}-
"

- after first heating to 220°C ”,I{H_H aaid

60 e g i e :.:I:_l I._-: -:'__'__,--"'--
_
50 100 150 200 250

temperature (°C)





media/file9.png
Heat flow (W/g)

(o)

Degree of reaction (%)

5wt% OS2

Pure CE

0.6 S

0.4 S

0.2 S

0.0

T
500

I ! 1 ! I ' 1 ! I
1000 1500 2000 2500 3000
Time (s)

Pure CE

5wt % OS2 (24h)

| ! | ! 1 ! 1
500 1000 1500 2000
Time (s)





media/file10.png
e,
— e

'I
i..""’-“lI-.A
- ‘..‘

-

H05
{ tan &
- 04

- 0.1

50

T T T )
100 150
Temperature [°C]

300





media/file5.png
heat flux (W/g) endo up

70

71 second heating scan
— first heating to 240°C r\/’
- first heating to 220°C IV —
60 e B
— e
50 100 150 200

first heating/cooling scan

| —— first heating to 240°C

---------- first heating to 220°C
J;/e-'\_, o

temperature (°C)





media/file3.png
heat flux (WW/g) endo up

0.27

0.24

0.21

0.18

PETg nanocomposites
— 0% wt. OMMT

1 - 10 % wt. OMMT

............... 20% Wt OMMT

60 80 100

temperature (°C)





media/file0.png
ra

0.35—-
0.30—.
0.25—-
0.20-.
0.15—-
0.10—-
0.05—-

0.00

2.3

2

k3]






media/file8.png
Heat flow (W/g)

-0.05

-0.10

-0.15

-0.20

-0.25

-0.30

o

Degree of reaction (%)

5wt % OS2

Pure CE

T
3000

T T T M T
1500 2000 2500
Time (s)

T T T
500 1000

Pure CE

5wt % 0S2 (24h)

T T T T 1
500 1000 1500 2000

Time (s)





media/file6.png
heat flux (WW/g) endo up

first heating/cooling scan

60

up to 240°C
---------- up to 220°C _/__,--/“)

second heating scan
after first heating to 240°C /{(\ﬂ’ =

50 100 150 200 250
temperature (°C)





