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In this work innovative thermal energy storage materials were developed by encapsulating a paraffin having a melting temperature of 6°C (M6D) in a thermoplastic polyurethane (TPU), and the most important physical properties of the resulting samples were investigated from a thermo-mechanical point of view. Field emission scanning electron microscope (FESEM) micrographs demonstrated a homogeneous microcapsules distribution and good interfacial adhesion with the TPU matrix even at elevated M6D concentrations. With a capsule concentration of 60 wt% it was possible to obtain elevated melting enthalpy values (up to 95 J/g), retaining the energy storage/release properties even after 50 thermal cycles. The hardness and the dimensional stability of the TPU matrix above its glass transition temperature were strongly increased upon M6D addition, but this stiffening effect was associated to a certain embrittlement. The investigated blends could be applied for winter sport application for low temperature thermal energy storage/release materials.
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INTRODUCTION

Thermal energy storage (TES) materials are innovative systems able to store thermal energy through the heating of a medium, with the aim to utilize (release) the stored energy when required (on cooling). This concept was successfully applied in power generation systems (Farid et al., 2004; Demirbas, 2006; Wang et al., 2015; Zhang et al., 2016) and building constructions (Kuznik et al., 2011), applications in which about one half of the energy consumption is in the form of thermal energy, and the energy request can markedly vary in time (Kenisarin and Kenisarina, 2012; Juozapaitis et al., 2013; Robaidi, 2013). TES systems were applied in the food storage (Gin and Farid, 2010; Chen et al., 2011) and for the construction of highly efficient solar plants (Lane, 1986; Norton, 1992; Bal et al., 2010). Some innovative applications in the textiles industry of TES technology are represented by “smart” fabrics able to keep constant the temperature of the body (Shim et al., 2001; Ren and Ruckman, 2004; Shin et al., 2005; Gao et al., 2011; Sarier and Onder, 2012; Borreguero et al., 2013). In this framework, latent heat TES systems attracted the attention of the researchers, because they are characterized by an elevated energy storage density at the transition temperature of the phase change material (PCM) (Lane, 1986; Hasnain, 1998). In these materials, a solid/liquid or a solid/solid transition is generally involved and depending on their chemical nature these materials can be classified as organic, inorganic or eutectic alloys. Organic PCMs present considerable advantages (Pillai and Brinkworth, 1976; Abhat, 1983) with respect to the inorganic ones. Because of their elevated thermal storage density, wide transition temperature range interval, limited density, and low cost (Trigui et al., 2014; Sharma et al., 2015), paraffinic waxes are the most widely used (Abhat, 1983; Himran et al., 1994; Li and Wu, 2012; Dorigato et al., 2017b). As a drawback, their limited thermal conductivity and the possible leakage above their melting point represent a serious problem to their further development (Akgün et al., 2007). In order to overcome these limitations, several shape stabilized systems with different polymer matrices, such as high-density polyethylene (HDPE) (Mu et al., 2016; Sobolciak et al., 2016), polypropylene (PP), acrylic resins, epoxy resins (Luyt and Krupa, 2009; Su et al., 2012b; Jeong et al., 2014), poly(methylmethacrylate) (PMMA), polyurethane (Pielichowska et al., 2016) block copolymer, ethylene-propylene diene monomer rubber (EPDM) (Dorigato et al., 2017b), styrene–butadiene–styrene (SBS) (Pielichowska and Pielichowski, 2014; Mu et al., 2016), polyvinylchloride (PVC) (Sari et al., 2005) were investigated. Furthermore, the PCM stabilization through the addition of nanofillers was often studied (Sari and Soylak, 2007; Pielichowska and Pielichowski, 2014; Fredi et al., 2017). Encapsulation within polymeric shells (Khadiran et al., 2015; Dorigato et al., 2017b) can be an effective solution to avoid the flow of PCM at elevated temperature (Inaba and Tu, 1997). For instance, Sari-Bey et al. investigated the potential of PCM materials constituted by a paraffinic core and a crosslinked PMMA shell (Khadiran et al., 2015). The physicochemical properties and the interface stability behavior of melamine-formaldehyde (MMF) shell microPCMs with paraffin were recently studied by Su et al. (2010, 2011). Moreover, Wang et al. investigated the correlation between the interfacial properties and mechanical performances of epoxy composites with paraffin microcapsules having a methanol-melamine-formaldehyde shell (Wang et al., 2011).

Thermoplastic polyurethanes (TPUs) are a very versatile class of elastomers, used in commodities but also for advanced applications (i.e., coatings, adhesives, biomedical devices). TPUs are random copolymers, in which the alternation of hard and soft segments determines a two-phase microstructure. Soft segments are constituted by long-chain diols, that can be extended by diisocyanate. On the other hand, while hard segments are generated by an alternation of chain extender and diisocyanate. TPUs are endowed with excellent properties, with an elasticity, tear, and abrasion resistance similar to rubber. By modifying the alternation of hard and soft segments it is possible to tailor the mechanical properties of the resulting materials. TPUs are largely applied in biomedical sector, they show interesting biodegradability properties and biostability. However, TPUs present also some limits due to poor tensile strength and low Young's modulus (Ercan et al., 2017; Fortunati et al., 2017).

Among different processing techniques suitable for TPUs, additive manufacturing technologies were recently introduced. In particular, fused filament fabrication (FFF) of TPUs gives the possibility to produce cellular structures that can be adapted for specific applications. In a paper of Bates et al. (2015), 3D printed cellular TPU structures, able to withstand repeated compressions/densification cycles without failure, were prepared. The potential of fused filament fabrication for the production of novel cellular architectures, not constrained by existing manufacturing principles, was recently demonstrated. In a work of Fei et al. (2016), selective laser sintering technique (SLS) was adopted to investigate the energy absorption capability of TPU based lattice structures, through a systematic manufacturing, testing and modeling process. In another paper of Chen et al. (2017), polymer blends of thermoplastic polyurethane (TPU) with poly(lactic acid) (PLA) nanofilled with graphene oxide (GO) were utilized for the development of 3D printed biocompatible devices.

As regards the use of TPUs in thermal energy storage applications, most of the available scientific papers are focused on the synthesis of novel TPU based polymers, to be used as solid-solid phase change materials. In a recent paper of Cao et al. (2017), hydrogen bonding was applied to increase the crystallinity and thus the latent heat involved in the melting and crystallization processes of thermoplastic poly(ethylene glycol)-based polyurethane. The obtained melting enthalpy was around 140 J/g, which is close to the best values obtained for polyurethanes.

In another paper of Liang et al. (2015), the synthesis of a terephthalic acid bis-(2-hydroxy-1-hydroxymethyl-ethyl) ester, used to develop polyurethane based PCMs with elevated thermal energy storage/release capability, was reported. The results showed that the developed materials presented a maximum phase change enthalpy of about 150 J/g. Another work of Xi et al. (2014) was focused on thermal energy storage capability of a novel TPU, obtained by a condensation reaction of 4,4′-diphenylmethane diisocyanate, polyethylene glycol and terephthalic acid bis-(2-hydroxy-1-hydroxymethyl-ethyl) ester, manifesting solid-solid phase transitions. In this case, peak transition temperatures and latent heat values in the range of 22.4–48.4°C and 143.9–153.5 J/g were respectively obtained. The reported melting enthalpy values are lower or comparable with those that could be obtained with a paraffin microencapsulated system.

On the other hand, only few papers dealing with the use of paraffin with melting temperatures lower than ambient temperature can be found in the open scientific literature (Bo et al., 1999; Pielichowska and Pielichowski, 2014; Dorigato et al., 2017a). In fact, the dispersion of a liquid wax in a viscous polymer poses some practical difficulties due to the remarkably different rheological behavior of the two phases. Nevertheless, these systems could offer challenging opportunities for low temperature applications such as those regarding winter sport products. Based on these considerations, the aim of the present work is the development and characterization of polymer blends in which microcapsules containing a low melting (6°C) paraffin were dispersed in a commercial TPU matrix by melt compounding. Thus, the results of this paper represent a complementary part of a wider research activity aimed at developing 3D printed structures with thermal energy storage/release capability based on TPU/paraffin blends, to be utilized in winter sport applications (i.e., gloves or insoles; Rigotti et al., 2018).

EXPERIMENTAL

Materials

TPU chips of Desmopan® 6064A (density 1.09 g/cm3, melting temperature range 200–220°C) were provided by Covestro Italia (Milan, Italy). Microtek MPCM6D microcapsules (designated as M6D in this paper) were supplied by Microtek Laboratories Inc. [Dayton (OH, USA)]. In this PCM, a paraffin wax is contained in a melamine formaldehyde polymeric shell. The microcapsules have an average size of 17–20 μm and a density of 0.9 g/cm3. They are constituted by 10–15 wt% of polymer shell and by 85–90 wt% of paraffin. According to the producer's data sheet, the melting enthalpy is 157–167 J/g and the melting temperature is about 6°C.

Preparation of the Samples

TPU granules and M6D microcapsules were melt compounded with various amounts of M6D microcapsules (ranging from 30 to 60 wt%). The blends were prepared in a Thermo Haake Rheomix 600 internal mixer, equipped with counter-rotating rotors, operating at 60 rpm for 5 min at 200°C. The resulting materials were then hot pressed in a Carver laboratory press at 180°C for 15 min under a pressure of 1.1 MPa applied on square plates of 300 × 300 mm2. In this way, plaques of neat TPU and blends at various PCM concentrations were obtained. In this paper, the neat matrix was simply designated as TPU, while the blends were denoted reporting the matrix and the microcapsules concentration. As an example, TPU_50M6D sample indicates a TPU blend containing 50 wt% of M6D microcapsules. In Table 1 the list of the prepared samples with the weight and volume fraction of paraffin within the blends is reported.


Table 1. List of the prepared samples.
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Experimental Techniques

Microstructural and Thermal Properties

The microstructure of the prepared blends was investigated through a Zeiss Supra 40 field emission scanning electron microscope (FESEM). Before the observation, samples were cryofractured in liquid nitrogen and the surface coated with an ultrathin coating of electrically conductive Pt/Pd material.

Differential scanning calorimetry (DSC) tests were performed with a Mettler DSC30 under a nitrogen flux of 150 ml/min, at a heating rate of 10°C/min, starting from −100°C up to 220°C. In this way, melting/crystallization temperatures (Tm, Tc), melting/crystallization enthalpies (ΔHm, ΔHc) of the microcapsules and the glass transition temperature (Tg) of the TPU matrix were determined. Moreover, relative melting (ΔHm, rel) and crystallization (ΔHc, rel) enthalpy values were computed as the ratio between the ΔHm and ΔHc and the melting/crystallization enthalpies of the M6D capsules, considering the microcapsule concentration in the composites. In order to determine the retention of the thermal energy storage properties of the prepared blends, repeated DSC tests were performed on the TPU_50M6D samples. In particular, fifty heating/cooling cycles in the temperature interval between −35 and 45°C were performed at a heating rate of 10°C/min and ΔHm and ΔHc values were measured at each cycle. Only one specimen was tested for each composition.

Thermogravimetric analysis (TGA) was performed through a TA Instruments TGAQ500 machine in nitrogen atmosphere, testing samples between 30 and 700°C, at a heating rate of 10°C/min. In this way, the temperatures associated to a mass loss of the 2% (T2%), of the 5% (T5%), of the 10% (T10%) and the decomposition temperature (Td), taken as the temperature corresponding to the maximum mass loss rate, were defined. Only one specimen was tested for each composition.

Thermo-Mechanical Properties

Dynamical mechanical thermal analysis (DMTA) was carried out through a TA Instruments DMA Q800 analyzer in tensile mode, testing rectangular specimens with a length of 30 mm, a width of 5 mm wide and a thickness of 1 mm. The investigated temperature range was between −60 and 100°C scanned at a heating rate equal to 3°C/min, the testing frequency was 1 Hz, the strain amplitude was 0.05 mm/mm. In this way, the trends of the storage (E′) and loss (E″) moduli and of the loss tangent (tanδ) as a function of the temperature were highlighted. Moreover, the glass transition temperature of the TPU (Tg) was determined. Only one specimen was tested for each composition.

Uniaxial quasi-static tensile tests were performed at a cross-head speed of 100 mm/min by using an Instron model 5969 machine, equipped with a load cell of 50 kN. A resistance extensometer Instron model 2630, having a gauge length of 25 mm, was utilized. Five ISO 527 1BA dumbbell specimens were tested for each sample. It was therefore possible to determine the chord modulus at a deformation of the 10% (E10%), the stress (σb) and the strain at break (εb). At least five specimens were tested for each formulation.

Shore A hardness tests were performed at room temperature with a Hildebrand Durometer OS-2. According to the DIN 53505 standard, Shore A values were recorded after that the load was applied for 3 s. At least five specimens were tested for each composition.

Creep tests were carried out through a TA Instruments DMA Q800 machine. Rectangular specimens (length = 30 mm, width = 5 mm, thickness = 1 mm) were tested at 30°C, under an applied stress of 0.25 MPa for 3,600 s. In this way, the trend of the creep compliance, obtained as the ratio between the creep deformation and the constant stress, as a function of the testing time was determined. Only one specimen was tested for each composition.

RESULTS AND DISCUSSION

Microstructural and Thermal Properties

Considering that the thermo-mechanical properties of polymeric materials are strictly related to their morphological behavior, FESEM analysis was carried out on the prepared samples. In Figures 1A–D FESEM micrographs of the neat TPU and of the relative blends are reported. Some porosity can be detected in the TPU matrix in form of very small rounded cavities with mean diameter ranging from 1 to 5 μm (see Figure 1A). In the micrographs of the blends prepared at different concentrations it can be noticed the presence of the capsules with diameter up to 20 μm. From these images, a good adhesion between TPU and the melamine-formaldehyde resin shell of the microcapsules can be detected. The elevated adhesion level with the TPU matrix is probably the reason why some microcapsules were broken during the cryofracturing operations (see Figure 1B). Furthermore, no microcapsules agglomeration can be seen in the composites, and the uniform distribution of M6D capsules determines a morphological continuity of the matrix even at elevated M6D contents. This aspect can strongly influence the mechanical properties and the thermal conductivity of the resulting samples. The micrometric porosity detected in the neat TPU sample is also present in the blends, regardless the M6D amount.
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FIGURE 1. FESEM micrographs of neat TPU and of the relative blends. (A) TPU, (B) TPU_30M6D, (C) TPU_50M6D, (D) TPU_60M6D.



Considering that the thermal energy storage properties of the prepared materials is a key feature for their future application, DSC tests were carried out. In Figures 2A,B the heating and cooling DSC thermograms of neat TPU, neat M6D capsules and their blends are respectively reported, while the main thermal parameters are summarized in Table 2. In Figure 2A it can be seen that neat TPU presents a perfectly flat thermogram, without crystallization and/or melting signals from −100 to 220°C, and only an inflection point associated to the glass transition temperature (Tg) can be detected at −48°C. The melting peak of the M6D capsules is located at 5°C in the heating stage, while the crystallization temperature is at −9°C in the cooling stage. The specific heat of fusion is 157.4 J/g, while the heat of crystallization is 163.5 J/g, these values are very close to the data provided by the producer. Another small peak can be seen during the heating stage at around 34°C, with a specific enthalpy of 5 J/g. This is probably due to the presence of some paraffin fractions at higher molecular weight. Considering the relative low intensity of this peak and the fact that it is in a temperature range that is not relevant for the intended application of this materials, this signal was not taken into account during the calculations.
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FIGURE 2. DSC thermograms of neat TPU, M6D capsules and their relative blends. (A) Heating scan and (B) cooling scan.




Table 2. Results of DSC tests on neat TPU and its relative polymer blends.
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It is interesting to note how the melting enthalpy values during the first heating stage (ΔHm, 1) are proportional to the M6D content. A melting enthalpy value as high as 95.1 J/g was detected for the TPU_60M6D sample. Moreover, considering that the reported ΔHm1, rel values are very close to 100%, it can be concluded that the selected compounding process is able to preserve the microcapsules integrity thus preventing paraffin leakage. The position of the melting and crystallization temperature does not seem to be substantially affected by the capsules concentration within the TPU matrix. It is also interesting to note that the ΔHc, rel and ΔHm2, rel values are slightly lower than the corresponding ΔHm1, rel values, meaning that after the first heating/cooling cycle a slight reduction of the thermal energy storage/release capabilities is observed in the blends, probably due to some paraffin leakage phenomena. However, the thermal effectiveness of the prepared materials is confirmed, being the ΔHc, rel and ΔHm2, rel values higher than 80% for all the tested compositions.

According to the information reported in their datasheet, M6D microcapsules should support repeated thermal cycles. However, their effectiveness should be tested after compounding in the TPU matrix. Therefore, repeated DSC measurements were carried out, to asses if the thermal properties of the prepared blends are maintained even after repeated thermal cycles. It can be also noticed that both Tm1 and Tm2 of the microcapsules in the blends are slightly increased when they are incorporated in the TPU matrix (by about 2–3°C), while the Tc are progressively decreased with the M6D amount. This is probably only a thermal effect due to the heat conduction within the TPU matrix, and the effective temperature within the capsules is lower than those imposed by the thermal ramp during the DSC tests.

In Figure 3 the fusion and crystallization heat values are reported as a function of the number of DSC cycles for the TPU_50M6D sample. It results that ΔHm values oscillates between 65 and 69 J/g, while ΔHc values varies between 66 and 68 J/g, without any clear trend with the number of DSC cycles. From this result it is possible to establish that the prepared materials can withstand repeated thermal cycles (at least 50), without losing their thermal energy storage/release capability.
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FIGURE 3. Heat of fusion and heat of crystallization as a function of the number of DSC cycles for TPU_50M6D sample.



Thermogravimetric analysis was carried out to assess the thermal degradation resistance of the prepared blends. In Figure 4A, thermogravimetric curves of neat TPU and its relative blends are reported, while in Figure 4B derivative TGA curves are represented. In Table 3 the most important results are summarized. For all the prepared samples, the main degradation step starts at temperatures higher than 300°C, but there are other two degradation steps to be considered. Above 100°C there is an initial degradation step for the blends, and the magnitude of this mass loss (even if not so pronounced) is proportional to the M6D content. This is the reason why T2%, T5%, and T10% values of the blends are lower than those reported for the neat TPU (see Table 3). It can be supposed that some microcapsules break during the melt compounding/hot pressing processes, and the leaked paraffin could then easily evaporate at relatively low temperature. This hypothesis is supported by the slight lowering of the relative melting/crystallization enthalpy values detected in DSC tests during the cooling/second heating scan. Another interesting aspect is that, differently from the neat TPU sample, in the blends there is some residual ash (2–4%), that can be attributed to the material associated to microcapsules shell (i.e., melamine-formaldehyde resin). Interestingly, M6D addition promotes an increase of Td values (even by 42°C with a M6D concentration of 40%), and from Figure 4B two distinct degradation steps can be detected for the blends in the temperature interval between 300 and 500°C. This behavior is probably due to the presence of a crosslinked organic shell in the blends, with a superior thermal resistance as compared to the TPU matrix that partially protects the paraffin from thermal degradation.
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FIGURE 4. Thermogravimetric curves of neat TPU, M6D capsules and their relative blends. (A) Residual mass and (B) derivative of the mass loss as a function of the temperature.




Table 3. Results of thermogravimetric test on neat TPU and relative blends.
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Thermo-Mechanical Properties

To assess the potentialities of these materials in improving thermal management for winter sports application, it is important to evaluate the effect of M6D addition on the mechanical behavior of the resulting blends and how the mechanical response change with temperature. In Figures 5A–C, the results of DMTA tests on neat TPU and relative blends are reported in terms of their storage and loss moduli and loss tangent, while in Table 4 the glass transition temperatures (Tg) values are reported. A very interesting aspect is that at temperatures lower than −30°C there is a decreasing trend of storage modulus with the microcapsules content, while this trend is the opposite at higher temperatures. This behavior indicates that below the glass transition temperature of the TPU matrix the stiffness of the microcapsules is lower than that of the TPU, while the opposite happens above Tg. Furthermore, from the analysis of E″ and tanδ plots (Figures 5B,C) it is possible to note that as the content of M6D decreases the peaks become more intense and narrower. According to the indications reported in the open scientific literature (Menard, 2008), Tg values reported in Table 4 have been determined in three different ways, i.e., considering the position of the E′ inflection point (Tg1), the temperature associated to the E″ peak (Tg2) and to the tanδ peak (Tg3). In the case of amorphous polymers, the value of Tg3 is much higher than Tg1 and Tg2, because it implies a different mode of molecular motion. It was demonstrated in literature that Tg1 and Tg2 signals are due to the local segmental motion of the macromolecules, while Tg3 can be attributed to the transition of entropic Rouse modes, thus cannot be properly considered as the glass transition temperature of the material (Lei et al., 2014). However, from Table 4 it can be concluded that the glass transition temperature of the materials slightly decreases with the M6D content (by about 3–4°C). This drop, even if not so pronounced, could be attributed to the plasticizing effect played by the wax leaked from the capsules broken under the processing steps. However, further investigation should be performed to reach a better comprehension of this aspect. Another feature that can be observed in tanδ curves is the presence of a shoulder at about 10–15°C only in samples with microcapsules, especially at elevated M6D concentrations. Through a comparison with DSC tests it can be concluded that this signal can be associated to the melting of paraffin inside the microcapsules. The viscoelastic behavior of the material near ambient temperature could be strongly determined by the paraffin melting of the paraffin inside the microcapsules.
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FIGURE 5. Results of DMTA tests on neat TPU and relative blends. (A) Storage modulus, (B) loss modulus and (C) loss tangent.




Table 4. Glass transition temperatures (Tg) values from DMTA tests on neat TPU and relative blends.
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It is therefore important to quantify the effect of microcapsules on the ultimate properties of the investigated materials. Representative stress-strain curves in quasi-static tensile conditions of neat TPU and relative blends are represented in Figure 6A. The most important mechanical parameters are summarized in Figure 6B. It must be pointed out that the neat TPU sample did not reach the failure and the tests was stopped at a strain ε = 3 mm/mm, in order to preserve the integrity of the extensometer. According to DMTA results, it is possible to notice that a stiffness increase is induced by M6D capsules (from 5 up to 15 MPa with a M6D amount of 60%). After the elastic region, the blends manifest a progressive flattening of the stress-strain curves, probably due to the debonding between the TPU matrix and the capsules at high deformation, followed by the failure of the samples at relatively low strain levels. From the data reported in Table 4, it is possible to conclude that the addition of M6D capsules promotes an evident stiffening, accompanied to a certain embrittlement. In fact, stress at break is negatively affected by M6D addition, and this behavior is even more pronounced if strain at break values are considered. The stiffening effect played by the microcapsules is confirmed by Shore A hardness measurements. In fact, as reported in Table 4, Shore A hardness increases from 66 for the neat TPU up to 81 for the TPU_60M6D sample.


[image: image]

FIGURE 6. Quasi-static tensile properties of neat TPU and relative blends. (A) Representative stress-strain curves, (B) elastic modulus and tensile properties at break, (C) fitting of elastic modulus data with Halphin Tsai model (microcapsules elastic modulus = 28.4 MPa).



It could be also interesting to interpret elastic modulus results by considering theoretical models traditionally used for particulate composites. The prediction of modulus of the prepared materials was modeled by the Halpin-Tsai micromechanical model, which is a well-known theory to predict stiffness of composites as a function of filler loading and aspect ratio (Halpin, 1969). The predicted modulus of a particulate filled polymer (Ec) is given by the expression reported in Equations (1) and (2):
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where Ef and Em are, respectively, the elastic modulus of the filler and of the matrix (i.e., 4.69 MPa). In Figure 6C elastic modulus data of the prepared samples are fitted with Halphin Tsai model. It is clear that the results strongly depend on the elastic modulus of the microcapsules. Through the least square minimization procedure, it was possible to determine the best fitting curve by imposing a microcapsule elastic modulus of 28.4 MPa. From Figure 6C it is evident that in these conditions it is possible to satisfactorily predict the stiffness of the prepared materials. In literature little data are available on the stiffness of microencapsulated system, and the greatest part of the paper tried to determine the micromechanical behavior of the capsules through nanoindentation tests. In a recent study performed by Su et al. nanoindentation was successfully applied to measure the micromechanical properties of microcapsules containing paraffin (Su et al., 2012a). In that paper, a series of melamine formaldehyde shell microcapsules were prepared with various size and thickness by controlling the core material stirring rates, producing capsules having micrometric dimensions and with core/shell ratios ranging from 1/1 to 1/3. It was found that elastic modulus of the produced microcapsules was in the range 1.5–2.7 GPa. By using these values in the present fitting, an excessive overestimation of the theoretical values would result. In the present case, the situation is very different and a lower Ef value must be adopted (i.e., 28.4 MPa), probably because the core/shell ratio is rather high (85/15), and the paraffin at ambient temperature is in the molten state. In order to validate this theoretical prediction, nanoindentation tests will be performed in the future on these PCM systems.

Considering the intended application of the prepared blends, it could be interesting also to further study the viscoelastic response of these materials under a constant applied load. For this reason, creep tests were performed. Creep compliance curves of neat TPU and of the relative blends at 30°C are reported in Figure 7. It is possible to note that at 30°C no tertiary creep is detectable, in fact all the samples reach the characteristic plateau of the secondary creep even after 3,600 s. In accordance with quasi-static and DMTA tests, by increasing M6D content the creep compliance strongly decreases, confirming thus the stabilizing effect played by paraffin microcapsules on the TPU matrix.
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FIGURE 7. Creep compliance curves at 30°C of neat TPU and relative blends.



CONCLUSIONS

Innovative TPU/encapsulated paraffin blends to be applied as thermal energy storage/release materials for winter sports applications were successfully developed. FESEM analysis revealed a homogeneous distribution of the microcapsules and a good interfacial adhesion with the TPU matrix even at elevated M6D loadings. DSC test demonstrated how it was possible to prepare blends with melting enthalpy values up to 95 J/g with a M6D concentration of 60% and able to retain most of their pristine energy storage capability even after repeated thermal cycles. The hardness and the dimensional stability of the resulting blends above the Tg of the TPU matrix were significantly improved upon M6D addition, even if the observed stiffening effect was accompanied by a certain embrittlement of the samples.
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Samples Tg Tm,1 AHm,q AHmi,rel Te AHc AHg, rel Tm,2 AHpm, 2 AHm2, rel

rel rel Wl %] re W/l %] ra Wl %1
TPU -480 - - - - - - = = -
TPU_30MED - 66 456 95.9 -86 424 885 43 302 833
TPU_40MED - 80 56.1 883 —10.1 52.6 8.1 68 503 802
TPU_S0MED - 88 749 946 —10.7 64.7 81.7 80 69.1 880
TPU_6OMED - 95 9.1 9.7 —129 796 8.7 92 80.1 848
M6D - 50 1585 100 -9.4 158.4 100 5.1 157.1 100

T, glass transition temperature of TPU; Ty, melling temperature (fst heating stage); AHm,1, experimental melting enthalpy (fst heating stage); AHms, i, normalized melting enthelpy
(frst heating stage); Te, crystalization temperature (cooling stage); AHe, experimental crystallzation enthalpy; AHe, rw, normalized crystalization enthalpy; T2, melting temperature
(second heating stage); AHm.2, experimental melting enthalpy (second heating stage); AHma, e normalized melting enthalpy (second heating stage).
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TPU

TPU_30M6D
TPU_40M6D
TPU_SOM6D
TPU_60M6D

Tg1
re
—43.4
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Tg2
rel

-30.2
-326
-330
-320
-32.1

Tgs
rel

-144
-153
-16.6
152
-16.2

Shore A
hardness

66+ 1
761
76+ 1
79%1
81£1

Results of Shore A hardness tests on neat TPU and of the relative blends. Tys, teken as the
temperature associated to the inflection point in E’ curves; Ty, taken as the temperature
associated to the E" peak; Ty, taken as the temperature associated to the tans peak.
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rel rel re re
TPU 274 304 319 361
TPU_30M6D 19 261 313 380
TPU_40M6D 121 266 314 393
TPU_50M6D 119 234 310 370
TPU_60M6D 12 202 305 370

Tass, temperature associated to a mass loss of 2%; Ty, temperature associated to a
mass loss of 5%; Tio, temperature associated to a mass loss of 10%; Ty, degradation
temperature (temperature associated to the maximum mass loss rate).
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