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Abstract

:

The possibility of exchange reactions and thermal self-healing in blends of thermoplastic polyurethane (TPU) and phenoxy resin was investigated herein. The analyses were based on characterization obtained via differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), dynamic mechanical analysis (DMA), and tensile test. A new phenoxy resin was synthesized from eugenol, and blends with different types of TPU were prepared to investigate the exchange reaction, thermal self-healing, and mechanical properties. The influence of phenoxy resin content on the mechanical behavior and healing efficiency was studied. Improvement of storage modulus owing to the increase of phenoxy resin content was observed. Results suggest that the exchange reaction between phenoxy- and ester-type TPU occurred during thermal treatment. However, little exchange occurred between phenoxy resin and ether-type TPU. Specifically, only ester-type TPU exhibited a significant exchange reaction in the phenoxy resin blend. Furthermore, in the presence of a catalyst (e.g., zinc acetate), the exchange reaction readily occurred, and the healing efficiency improved by the addition of the catalyst and increase in the phenoxy content.






Keywords:


TPU; phenoxy resin; blend; exchange reaction; self-healing












1. Introduction


Polymer blends have received considerable attention from both the industrial and scientific communities because they are economical materials that can be used to create new compounds in comparison with copolymers prepared from polymerizations [1,2,3]. The miscibility of different polymers for the preparation of blends has been extensively studied. However, many polymer blends are immiscible and require a compatibilization process to improve the performances of blends. Frequently, reactive polymer blends based on the functional groups such as carboxylic acid, amine, and hydroxyl groups were studied for the efficient compatibilizations of immiscible polymers [4,5,6].



Phenoxy resin is an amorphous thermoplastic, which has been extensively used in many fields such as in adhesives, coatings, and engineering plastics. However, there are limitations in the application of these resins due to brittleness and easy stress cracking [7,8]. The hydroxyl group of phenoxy resin is an active group and can easily react with proton-accepting functional groups in the polymers. Therefore, to improve the physicochemical properties, phenoxy resin is frequently used in polymer blends to modify polymeric compounds [9]. Phenoxy blends have been studied by several researchers. Dixit and his coworkers used phenoxy resin to modify epoxy blends [10]. Eguiazabal investigated the interchange reactions and miscibilities of the poly (butylene terephthalate) (PBT)/phenoxy blends and the poly (ethylene terephthalate) (PET)/phenoxy blends based on the thermal properties of the blends [11,12]. Goh et al. studied the miscibility behavior of various phenoxy/polymethacrylate blends [13]. Other phenoxy blends are also available that undergo transreaction or exchange reaction during mixing at high temperature such as poly (1,4-butylene adipate)/phenoxy [9], PBT/phenoxy [14], and poly (trimethylene terephthalate)/phenoxy blends [15].



Polyurethane (PU) is one of versatile polymers for foams, elastomers, fibers, coating, and adhesive. PUs are generally manufactured from polyols and polyisocyanates for various applications. Thermoplastic polyurethanes (TPUs), one of representative thermoplastic elastomers, possess good mechanical properties such as high elasticity, low temperature flexibility, and abrasion resistance [16]. TPUs also exhibit preferable compatibility with phenoxy resin [17,18], and they have been blended to prepare adhesives. The linear structure of TPU is prepared from three main components (i.e., long chain diols (polyester or polyether based), diisocyanates (aromatic or aliphatic types), and short chain diols), which form hard and soft segments [19]. Ester-type TPU, which contains ester and urethane groups, can be blended phenoxy resin and compatibilized through transreaction or an exchange reaction, which forms copolymers and a crosslinked structure [20,21]. Blends are convenient engineering materials because they possess the advantages of each component. The degree of compatibility is a factor that determines the final properties of the blend, and other factors include chemical composition, molecular weight, and catalysts [22,23]. A compatible polymer blend exhibits mechanical properties proportional to the ratio of the constituents of the blend [24].



Eugenol, 4-allyl-2-methoxyphenol, is a relatively cheap bio-based compound with multifunctional groups. It is widely used in antioxidants, food, perfumes, and drugs [25,26]. Considering its potential abundant production and unique structure which includes methoxy-substituted phenolic ring and allyl group, it has been regarded as an ideal candidate to replace petroleum-based compounds. A variety of polymers have been prepared from eugenol based monomers [27,28,29,30,31,32,33,34]. Deng used eugenol as a raw material to prepare oil-absorbing microspheres by suspension polymerization technique [30]. Liu prepared high bio-content thermosetting polymers by using free radical copolymerization of methacrylated eugenol and acrylated epoxidized soybean oil [31]. Thirukumaran [25] reported the synthesis of benzoxazine-based phenolic resin using eugenol, and studied the effect of incorporation of eugenol in benzoxazine-based resins on the thermal properties. Zhang [32] synthesized renewable methacrylated eugenol (ME) from eugenol, which was effective reactive diluent to replace styrene for commercially available resin.



Herein, the interactions between TPU and phenoxy resin in blends of TPU/phenoxy resin were studied. Specifically, thermal self-healing and mechanical properties resulting from the exchange reactions of phenoxy resin and TPUs were investigated. To the best of our knowledge, no reports are available on the self-healing of TPU/phenoxy resins at elevated temperatures. In this article, we report the preparation of phenoxy resin from eugenol. Eugenol epoxy (EE) was synthesized and phenoxy resin was obtained by polymerization of EE. The TPU/phenoxy resin blends were prepared with or without catalysts. The ratio of the constituents of the blend and catalyst were varied, and the effects on the thermal, mechanical, and self-healing properties were reported.




2. Materials and Methods


2.1. Materials


Eugenol (99%), 3-chloroperoxybenzoic (m-CPBA, <77%), 1-methylimidazole (99%), zinc acetate (99.9%), 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD, 98%), and dibutyltin dilaurate (DBTDL, 99%) were purchased from Sigma-Aldrich Chemical (Yongin City, South Korea). Ester-type TPU (Neothane 5285 AP) was obtained from Dong Sung Corporation (Busan, South Korea), and ether-type TPU (Desmopan 9395AU) was purchased from Covestro Deutschland AG (Leverkusen, Germany). Average molecular weights of TPUs determined by Gel Permeation Chromatography (GPC) are given in Table S1. Sodium thiosulfate (Na2S2O3, 98%), sodium bicarbonate (NaHCO3, 99%), sodium chloride (NaCl, 99%), and anhydrous sodium sulfate (Na2SO4, 99%) were purchased from Aldrich Chemical (Yongin City, South Korea). The solvents used in this work, including dichloromethane (CH2Cl2, 99%) and dimethylformamide (DMF, 99%), were supplied by Samchun Pure Chemical (Pyeongtaek-si, South Korea). All materials were used without further purification. The typical structures of TPUs are shown in Scheme 1.




2.2. Synthesis of TPU/Phenoxy Blends


2.2.1. Synthesis of EE


m-CPBA (206 g) was dissolved in 1000 mL of anhydrous dichloromethane in a 2000-mL round bottomed flask. Eugenol (66 g) was dissolved in 500 mL of anhydrous dichloromethane and slowly added to the m-CPBA solution over 1 h. The reaction mixture was stirred at room temperature for 24 h. The solution was filtered through a funnel, then washed with sodium thiosulfate solution (Na2S2O3) and solution of sodium bicarbonate (NaHCO3). The organic layer was dried under Na2SO4 and evaporated under vacuum. EE was obtained in 47% yield, which is similar to a 45% yield reported in a previous study [35]. The corresponding preparation route and structure are shown in Scheme 2a.




2.2.2. Synthesis of Phenoxy Resin from EE


In this experiment, EE undergoes self-polymerization in the presence of a catalyst, 1-methylimidazole (1 wt % on the basis of the total weight of EE), by the reaction between epoxy group and aromatic hydroxyl group. The EE and the catalyst mixture were maintained at room temperature for 30 min to achieve good mixing. Then, the mixture was transferred into a mold and maintained at 110 °C for 24 h. The polymerized sample was used as the phenoxy resin and its corresponding structure is shown in Scheme 2b. Average molecular weights of the phenoxy resin determined by GPC are given in Table S1.




2.2.3. Preparation of TPU/Phenoxy Resin Blends


The TPU/phenoxy blend samples were prepared via solution blending using DMF as a cosolvent, the weight ratio of blend/DMF was 1/6. The polymer solutions were thoroughly stirred and then cast at 100 °C as films on Teflon® molds of 200 × 200 mm, and the thickness of films after drying was about 1.5 mm. The solvent in the solutions was allowed to evaporate at 100 °C. Then, degassing was performed for 2 weeks in a vacuum oven at 110 °C to remove residual solvent from the samples. Ester- and ether-type TPUs were used to study the mechanical properties of the blends. The TPU/phenoxy compositions were 100/0, 90/10, and 80/20. Zinc acetate, DBTDL, and TBD were used as catalysts to modify the abovementioned blends, respectively. Table 1 lists the sample code and compositions of the blends.





2.3. Characterization


FT-IR spectra were obtained employing FT-IR-302 from Jasco (Tokyo, Japan). The samples were smeared on a KBr window and scanned from 500 to 4000 cm−1. Differential scanning calorimetry was performed using a Q20 DSC from TA instrument (New Castle, DE, USA). The DSC measurements were performed at a heating rate of 10 min−1 from −80 to 200 °C. 1H-NMR measurements were performed using a 600 MHz spectrometer (JNMECA600, JEOL, Tokyo, Japan). Tensile properties and self-healing efficiency were measured using a universal testing machine (UTM, LR5K Plus from LLOYD, West Sussex, UK). The measurements were conducted with 4 specimens per sample at 25 °C with a cross-head speed of 500 mm min−1 following the ASTM-D638 method, and the dimensions of the dog bone test samples were 20 × 5 × 1.5 mm. To evaluate the self-healing efficiency of the materials, the specimens (with the abovementioned dimensions) were cut into two parts in the middle of the gauge length, and the two cut surfaces were brought back in contact manually as shown in Scheme S1. The samples were allowed to heal for 24 h at 150 °C, and was subsequently tested on a universal testing machine. The healing efficiency was obtained from cut and heal tests in tensile property measurements with the following equation:


Healing efficiency = (σhealing/σoriginal) × 100%



(1)




where σhealing and σoriginal are tensile strength of healed specimen and original specimen respectively, the schematics of self-healing process was given in supporting information Scheme S1. Dynamic mechanical analysis (DMA) was conducted using a Q800 from TA instrument (New Castle, DE, USA). The dimensions of the samples were 16 × 5 × 1.5 mm and the heating rate and temperature range were 5 °C min−1 and −100–200 °C, respectively; and the frequency was 1 Hz.





3. Results and Discussion


3.1. Synthesis and Characterization of Phenoxy Resin


As shown in Scheme 2a, EE was synthesized from eugenol and 3-chloroperoxybenzoic acid (as an oxidizing agent) at room temperature. EE was obtained by filtering and washing after the synthesis, and was characterized. The FTIR spectra given in Figure S1a show that eugenol exhibited an allyl C=C stretching vibration absorption peak at 1640 cm−1, and this C=C peak disappeared in the FTIR spectrum of EE. The absorption of the C-O-C vibration band of the epoxide group in EE is observed at 850 cm−1, which is not observed in eugenol. This suggests that the allyl group was converted into the epoxide group. 1H NMR spectra of eugenol and EE are shown in Figure 1. The chemical structure of EE was confirmed by the appearance of new signals (a’), (c, a), (b) at 2.53, 2.79, and 3.12 ppm (which correspond to the protons of the epoxide groups), and the disappearance of the signals of (b1) and (a1, a1’) at 6.1 and 5.1 ppm, respectively, which are assigned to the protons of allyl groups. The 1H NMR and FTIR spectra indicate that EE was successfully synthesized. The 1H NMR spectrum of the phenoxy resin is given in Figure S1b. Successful polymerization of EE into the phenoxy resin was confirmed by the disappearance of the signal at 5.7 ppm corresponding to the protons of aromatic hydroxyl groups and the appearance of new signal at 2.6 ppm corresponding to the protons of the new hydroxyl groups.



The exothermic polymerization reaction of EE in the presence of the catalyst, 1-methylimidazole, and the thermal properties of the obtained polymer are shown in Figure 2. Figure 2a shows the DSC thermogram, which reveals that exothermal reaction heats occurred at a heating rate of 10 °C/min in the temperature range of 50 °C–200 °C. The temperature scan showed one exothermic peak with the onset temperature at 90 °C; the peak temperature was at 131 °C; the heat of reaction was 74 kJ/mol. In the second scan shown in Figure 2b, no additional exothermic peaks were observed, which confirms that the polymerization reaction was completed. The Tg value of phenoxy resin was 40 °C. DSC data confirm that EE undergoes polymerization in the presence of the catalyst.




3.2. Thermal Properties of Blends


DSC thermpgrams of the TPU/phenoxy resin blends are shown in Figure 3. Enthalpy changes due to the glass-rubbery transition temperatures of soft segment in TPUs, Tgs’s, were observed at −25–−7 °C and endotherms due to the hard segment melting temperatures of TPUs, Tm’s, appeared 139–200 °C. Ester-type TPU showed exotherms at 35–49 °C due to the crystallization temperatures, Tc’s, of soft segments in Figure 3a,b. Thermal transition temperatures of TPU/phenoxy resin blends are summarized in Table 2. Contents of eugenol based phenoxy resin in the blends affected the Tgs of the TPU. Specifically, with increasing the phenoxy content of the blends, Tgs’s of TPU increased while Tm decreased independent of catalyst types, implying the dissolution of phenoxy resin into the soft segment domain and increase of phase mixing of soft and hard segments of TPU. It seems that the hard segments of TPU dissolved in the soft segment domains owing to the increase of phase mixing by the exchange reaction with phenoxy resin described below in Figure 3 [36]. Figure 3c,d shows that the ether-type TPU blends have lower Tgs’s and higher Tm’s compared with the ester-type TPU blends, and the ether-type TPU blends do not show exotherms due to the crystallization of soft segments. Similar to the ester-type TPU/phenoxy blends, Tgs’s of TPU increased while Tm decreased with the increasing content of phenoxy resin in the blends. Compared with previous reports on eugenol based polymers, the TPU blends showed relatively low glass transition temperatures due to the microphase separation of segmented TPUs [33,36]. Enthalpy changes due to the exchange reactions at elevated temperatures were not observed in DSC, being attributable to little change in the type of chemical bonds through the exchange reactions.



The thermal stability of the blends was investigated employing TGA. Figure S2 shows TGA thermograms of ester-type TPU/phenoxy resin blends under nitrogen atmosphere. Thermal degradation temperature for 5% weight loss (Td 5%) decreased with increasing content of phenoxy resin. However, in the presence of zinc acetate as a catalyst for the exchange reactions, Td 5%, the measure of thermal stability of blends, slightly increased with increase the phenoxy resin content in the blend. It was also observed the char content at 700 °C was increased with increasing phenoxy content in the presence of zinc acetate. It is speculated that the exchange reactions of the phenoxy resin and TPU in the blends improved the thermal stability due to the aromatic moiety derived from eugenol.




3.3. Mechanical Properties and Exchange Reaction of the Blends


Figure 4 and Figure 5 show the representative stress–strain curves of the TPU/phenoxy blends and the results are summarized in Table 2. It was observed that initial slopes, elastic moduli, changed little while stress at large deformation were affected largely by the composition of the blends. In general, intermolecular interactions such as hydrogen bonding affect tensile properties at large deformations [37]. The tensile strength and elongation at break of TPU/phenoxy blends decreased with increasing the phenoxy content due to the inherent low strength and low elongation of the phenoxy resin in comparison with TPUs. Figure 4a shows that the addition of the catalyst into the TPU/phenoxy blends resulted in the decrease of the mechanical properties compared with those without the catalyst. The catalyst considerably affects tensile strength. It was found that tensile stress significantly decreased when TBD was used as the catalyst; zinc acetate had a lower effect on the tensile stress. Figure 5 shows that the ether-type TPU blends with different amounts of phenoxy resin; their tensile strengths are higher compared with those of ester-type TPU. In addition, with increasing the phenoxy content, the tensile strengths decreased. The stress-strain curves indicate that phenoxy resin content and catalysts considerably affected the mechanical properties.



To clearly understand the exchange reaction in the TPU/phenoxy blends, FTIR analysis was used to identify the species responsible for the chemical interactions in TPU/phenoxy blends [38]. The ATR-FTIR spectra were acquired before and after heat treatment at 150 °C for 24 h. Figure 6 shows that exchange reaction may have occurred after the heat treatment of the ester-type TPU/phenoxy blends. Spectral changes occurred in the 1800 to 1000 cm−1 region owing to the change in alcoholic C-O stretching bonds during the exchange reaction. Figure 6a shows the effect of phenoxy on the exchange reaction. Neat ester-type TPU showed little change in the peak at 1090 and 1730 cm−1. For the ester TPU/phenoxy blends, the absorption peak at 1080 cm−1 corresponds to the C-O bond of TPU, the absorption peak at 1700 cm−1 corresponds to the hydrogen-bonded carbonyl group while the absorption peak at 1730 cm−1 corresponds to the non-bonded carbonyl group of TPUs. Following the heat treatment, the peak of C-O bond shifts to a lower wavenumber, and the peak intensity of non-bonded carbonyl bond at 1730 cm−1 became strong relatively due to the decrease of hydrogen bonded carbonyl through the exchange reaction between TPU and hydroxyl group. The peak of C-O at 1063 cm−1 corresponds to the increase of primary hydroxyl group [39], which indicates that an exchange reaction occurred in the TPU/phenoxy blends. Figure 6b shows that there are no exchange reactions in the ether-type TPU blends even after adding phenoxy because there is no change in the C-O group by the post heat treatment. Thus, exchange reactions occur more easily in ester groups compared with urethane groups, and the exchange reactions occur significantly in ester-type TPU/phenoxy blends. The spectroscopic features are attributed to the thermal exchange reaction between the hydroxyl group of the phenoxy resin and ester groups, as shown in Figure 7.




3.4. Dynamic Mechanical Properties of the Blends


Figure 8 shows the temperature-dependent dynamic mechanical properties of ester TPU/phenoxy blends. Specifically, Figure 8a–d shows the storage moduli of the TPU blends with different catalysts. Table 2 gives the storage moduli for the TPU/phenoxy blends. Storage moduli may be used to determine elastic properties. Figure 8 shows that when the temperature was below the glass transition temperature of the soft segment domains, a high storage modulus was obtained, and neat TPU has the lowest storage modulus compared with those of the TPU blends. When the phenoxy content was increased, the storage modulus increased in the glassy region. In general, the storage moduli of TPUs depend on the soft segment concentration, the lower is the soft segment concentration, the higher is the storage modulus. It is postulated that the phenoxy resin in the blends underwent dissolution into the continuous soft segment domain in TPU. Thus, all TPU blends exhibit increased storage moduli at temperatures lower than that of the soft segment Tgs. Above Tgs, the storage modulus decreased with increasing temperature owing to glass-rubbery transition of the soft segment domain. Figure S3 shows the storage moduli of ether TPU/phenoxy blends. The trend is similar to that of ester-type TPU blends. Specifically, with increasing phenoxy content, the storage modulus increased. Furthermore, ether-type TPU blends exhibited higher storage moduli compared with those of ester-type TPU blends. The catalyst did not considerably affect the storage modulus. The addition of the catalyst increased the storage modulus of neat TPU, but decreased the same for TPU/phenoxy blends.



Figures S4 and S5 show the value of tan delta of TPU/phenoxy blends. The glass transition temperatures of the blends were determined from the peak maxima of tan delta. All samples exhibited a Tgs of approximately 0 °C, and the peak shifted to higher temperatures with increasing phenoxy content. The peak did not considerably change with different catalysts. This suggests that the motion of TPU molecular chains was effectively restricted by phenoxy.




3.5. Self-Healing and Mechanical Properties


To investigate the exchange reaction and the self-healing properties of TPU/phenoxy blends, the cut and heal tests of the tensile properties for the blends were carried out. Both ether and ester TPUs of neat polymers didn’t show thermal healing properties at 150 °C in this study, even in the presence of catalysts. It was found that ester TPU/phenoxy resin blends showed thermal healing in cut and heal tests at 150 °C while ether TPU/phenoxy resin blends did not. The ether TPU/phenoxy blends did not exhibit self-healing properties because the exchange reaction hardly occurred at 150 °C as shown in Figure 6b. Figure 9 shows the tensile properties of ester-type TPU/phenoxy resin blends after healing by the heat treatment at 150 °C. In order to preclude the thermal history effects of the samples in the studies by the cut and heal tests, control samples without cut were also treated at the same thermal conditions. In Table 3, results of cut and heal tests are summarized. It is of interest to note that the thermal healing efficiencies of the ester TPU/phenoxy resin blends increased with increasing the phenoxy resin contents due to more exchange reactions in the blend. Figure 10 shows the healing efficiency of the TPU blends with different catalysts. It was found that the healing efficiency were improved considerably by the catalysts. The catalysts differently affected the healing properties. Results indicate that the catalyst positively affected the exchange reaction between ester-type TPU and phenoxy resin. It was observed that the healing efficiency of the blends with TBD was the highest among the blends. However, the tensile strength of the blends was decreased very much after the heat treatment due to the change of the microstructure of the polymer chains via the exchange reactions between TPU and phenoxy resin and TBD is not favored practically. Ester TPU/phenoxy resin blends with zinc acetate as the catalyst also resulted in excellent healing efficiencies, maintaining the tensile properties reasonably.





4. Conclusions


The self-healing and exchange reactions in the blends of TPU and phenoxy resin were investigated in this study. Eugenol as a biomass was used to synthesize EE from which the phenoxy resin was obtained by ring opening polymerization. Ester and ether-type TPU/phenoxy blends were prepared by solution casting. It was observed that exchange reactions occurred between urethane, ester, and hydroxyl groups of ester-type TPU/phenoxy resin blends during heat treatment at 150 °C while exchange reactions hardly occurred in ether type TPU/phenoxy blends. It is speculated that the hydroxyl group in the repeating unit of phenoxy underwent exchange reactions efficiently with ester- type TPU in the blends. This reaction imparted blends thermal self-healing properties to the ester-type TPU/phenoxy blends. Especially, in the presence of catalyst for the exchange reactions, the efficiencies of cut and heal tests were improved enormously. Herein, zinc acetate, DBTDL, and TBD were used as catalysts to evaluate the healing properties. It was observed that zinc acetate exhibited the best performance by the exchange reaction from view point of mechanical properties. It is postulated that thermal healing property could be implemented to ester-type TPU by blending with the phenoxy resin via efficient exchange reactions between ester, urethane, and hydroxy groups in the blends.








Supplementary Materials


The Supplementary Materials are available online at https://www.mdpi.com/2073-4360/12/5/1011/s1. Scheme S1: Schematics of self-healing process. Table S1: Molecular weight of TPU and phenoxy resin. Figure S1: (a) FT-IR spectra and (b) 1H-NMR spectra of EE and phenoxy, respectively. Figure S2: TGA thermograms of ester-type TPU/phenoxy blends, (a) ester-tpe TPU/phenoxy resin blends without catalyst, (b) ester TPU blends under catalyst. Figure S3: DMA curves of ether-type TPU/phenoxy blends: (a) Storage modulus for the ether-type TPU blends with zinc acetate as catalyst; (b) Storage modulus for the ether-type TPU blends with DBTDL as catalyst; (c) Storage modulus for the ether-type TPU blends with TBD as catalyst. Figure S4: Tan Delta curves of ester-type TPU/phenoxy blends: (a) Ester-type TPU blends without catalyst; (b) Ester-type TPU blends with zinc acetate as catalyst; (c) Ester-type TPU blends with DBTDL as catalyst; (d) Ester-type TPU blends with TBD as catalyst. Figure S5: Tan Delta curves of ether TPU/phenoxy blends: (a) Ether-type TPU blends with zinc acetate as catalyst; (b) Ether-type TPU blends with DBTDL as catalyst; (c) Ether-type TPU blends with TBD as catalyst.





Author Contributions


J.-Y.L., D.-S.L. and S.-H.L. contributed to the manuscript via experimental design, data analysis and writing; J.-Y.L. and S.-R.S. performed the experiments and analyzed the data. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the RandD Center for Valuable Recycling (Global-Top RandBD Program) of the Ministry of Environment (Project No. 2016002240004).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Su, C.C.; Wang, S.C.; Chen, W.J.; Lee, L.T. Phase compatibilization through chemical exchange reactions in blends of copolyesters with poly (hydroxyether of bisphenol-A) upon annealing. Ind. Eng. Chem. Res. 2013, 52, 12587–12595. [Google Scholar] [CrossRef]

	



Long, J.; Michael, P.W.; Zhang, J.W. Study of biodegradable polyactide/poly (butylene adipate-co-terephethalate) blends. Biomacromolecules 2006, 7, 199–207. [Google Scholar]

	



Krache, R.; Debbah, I. Some mechanical and thermal prpperties of PC/ABS blends. Mater. Sci. Appl. 2011, 2, 404–410. [Google Scholar]

	



Farmahini-Farahani, M.; Jafari, S.H.; Khonakdar, H.A.; Komber, H.; Yacaril, A.; Tarameshloul, M. Investigation of exchange reactions and rheological response of reactive blends of poly (trimethylene terephthalate) and phenoxy resin. Polym. Int. 2008, 57, 612–617. [Google Scholar] [CrossRef]

	



Chen, G.X.; Kim, H.S.; Kim, E.S.; Yoon, J.S. Compatibilization-like effect of reactive organoclay on the poly (l-lactide)/poly (butylene succinate) blends. Polymer 2005, 46, 11829–11836. [Google Scholar] [CrossRef]

	



Sadhan, J.; Nisha, P.; Dhawal, D. Compatibilization of PBT-PPE blends using low molecular weight epoxy. Polymer 2001, 42, 8681–8693. [Google Scholar]

	



Naoki, Y.; Osamu, A.; Katsunori, S.; Katsuyuki, A.; Shigeaki, T. Morphologies and properties of cured epoxy/phenoxy containing carboxyl groups blends as adhesives for flexible printed circuits (FPCs). J. Adhes. Soc. Jpn. 2011, 47, 478–484. [Google Scholar]

	



Yokoyama, N.; Nonaka, Y.; Kurata, T.; Sakai, S.; Takahashi, S.; Kasemura, T. Morphologies and properties of cured epoxy/brominated-pheoxy blends. J. Appl. Polym. Sci. 2007, 104, 1702–1713. [Google Scholar] [CrossRef]

	



Yang, C.F.; Wang, H.C.; Su, C.C. Enhancing the compatibility of poly(1,4-butylene adipate) and phenoxy resin in blends. Materials 2017, 10, 692. [Google Scholar] [CrossRef]

	



Dixit, V.; Nagpal, A.K.; Singhal, R. Synthesis and characterization of phenoxy modified epoxy blends. Malays. Polym. J. 2010, 5, 69–83. [Google Scholar]

	



Eguiazabal, J.I.; Nazabal, J. Influence of interchange reactions in the nature and properties of miscible 50/50 poly(butylene terephthalaye)/phenoxy blends. J. Mat. Sci. 1990, 30, 1522–1528. [Google Scholar] [CrossRef]

	



Eguiazabal, J.I.; Iruin, J.J. Miscibility and thermal decomposition in phenoxy/poly(ethylene terephthalate) and phenoxy/poly(butylene terephthalate) blends. Mater. Chem. Phys. 1987, 18, 147–154. [Google Scholar] [CrossRef]

	



Goh, S.H.; Lee, S.Y.; Siow, K.S.; Hong, J. Miscibility of some phenoxy/polymethacrylate blends. Polym. Bulletin 1993, 30, 691–696. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, H.C.; Su, C.C.; Yang, C.F. Chemical interaction-induced evolution of phase compatibilization in blends of poly (hydroxyl ether of bisphenol-A)/poly (1, 4-butylene terephthalate). Materials 2018, 11, 1667. [Google Scholar] [CrossRef]

	



Cho, S.J.; Cho, J.H.; Lee, K.H. Phase behavior and its effects on crystallization in a poly(trimethylene terephthalate)/phenoxy resin blend. Polymers 2016, 8, 21. [Google Scholar] [CrossRef]

	



Bonab, V.S.; Manas-Zloczower, I. Revisiting thermoplastic polyurethane, from composition to morphology and properties. J. Polym. Sci. Part B Polym. Phys. 2017, 55, 1553–1564. [Google Scholar] [CrossRef]

	



Emi, G.B.; Andela, P.; Ivan, S. Mirela, L. Blends of thermoplastic polyurethane and polypropylene. Thermal and morphological behavior. J. Appl. Polym. Sci. 2010, 117, 1378–1384. [Google Scholar]

	



Zhou, R.; Gao, W.Q.; Xia, L.C.; Wu, H.; Guo, S.Y. Structural engineering of polyurethane coatings for high performance applications. J. Mater. Sci. 2018, 53, 9350–9362. [Google Scholar]

	



Chattopadhyay, D.K.; Raju, K.V.S.N. The study of damping property and mechanism of thermoplastic polyurethane/phenolic resin through a combined experiment and molecular dynamics simulation. Prog. Polym. Sci. 2007, 32, 352–418. [Google Scholar] [CrossRef]

	



Jeong, H.M.; Ahn, B.K.; Kim, B.K. Miscibility and shape memory effect of thermoplastic polyurethane blends with phenoxy resin. Euro. Polym. J. 2001, 37, 2245–2252. [Google Scholar] [CrossRef]

	



Xu, K.M.; Zhang, F.S.; Zhang, X.L.; Hu, Q.M.; Wu, H.; Guo, S.Y. Molecular insights into hydrogen bonds in polyurethane/hindered phenol hybrids: Evolution and relationship with damping properties. J. Mater. Chem. 2014, 2, 8545–8556. [Google Scholar] [CrossRef]

	



Palanivelu, K.; Balakrishnan, S.; Rengasamy, E. Thermoplastic polyurethane toughened polyacetal blends. Polymer 2009, 19, 75–83. [Google Scholar] [CrossRef]

	



Arostegui, A.; Nazabal, J. Stiffer and supr-tough poly (butylene terephthalate) based blends by modification with phenoxy and maleated poly (ethylene-octene) copolymers. Polymer 2003, 44, 239–249. [Google Scholar] [CrossRef]

	



Pramod, K.; Ilyas, U.K.; Singh, M.; Kamal, Y.T.; Ahmad, S.; Ansari, S.H.; Ali, J. High-performance thin-layer chromatographic analysis of eugenol in developed nanoemulsion gel and nanoparticles: Validation of a stability-indicating method. Act. Chromatogr. 2015, 27, 571–582. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, Y.; Wang, L.; Gao, Z.; Kessler, M.R. Synthesis and characterization of methacrylated eugenol as a sustainable reactive diluent for a maleinated acrylated epoxidized soybean oil resin. ACS Sustain. Chem. Eng. 2017, 5, 8876–8883. [Google Scholar] [CrossRef]

	



Modjinou, T.; Versace, D.L.; Samir, A.A.; Langlois, A.; Renard, E. Antibacterial and antioxidant photoinitiated epoxy co-networks of resorcinol and eugenol derivatives. Mat. Com. 2017, 12, 19–28. [Google Scholar] [CrossRef]

	



Sun, L.; Singh, S.; Joo, M.; Simmones, B.A.; Auer, M. Non-invasive imaging of cellulose microfibril orientation within plant cell walls by polarized Raman microspectroscopy. Biotechnol. Bioeng. 2016, 113, 82–90. [Google Scholar] [CrossRef]

	



Sabaa, M.W.; Mohamed, R.R. Organic thermal stabilizers for rigid poly (vinyl chloride). Part 8, Eugenol (4-allyl-2-methoxy-phenol). Polym. Degrad. Stab. 2007, 92, 587–595. [Google Scholar] [CrossRef]

	



Harvey, B.G.; Sahagun, C.M.; Guenthner, A.J.; Groshens, T.J.; Cambrea, L.R.; Reams, J.T.; Mabry, J.M. A high-performance renewable thermosetting resin derived from eugenol. ChemSusChem 2014, 7, 1964–1969. [Google Scholar] [CrossRef]

	



Deng, J.P.; Yang, B.; Chen, C.; Liang, J.Y. Renewable eugenol-based polymeric oil-absorbent microspheres: Preparation and oil absorption ability. ACS Sustain. Chem. Eng. 2015, 3, 599–605. [Google Scholar] [CrossRef]

	



Liu, K.W.; Madbouly, S.A.; Kessler, M.R. Biorenewable thermosetting copolymer based on soybean oil and eugenol. Eur. Polym. J. 2015, 69, 16–28. [Google Scholar] [CrossRef]

	



Thirukumaran, P.; Parveen, A.S.; Sarojadevi, M. Synthesis of eugenol-based polybenzoxazine-POSS nanocomposites for low dielectric applications. Polym. Compos. 2015, 36, 1973–1982. [Google Scholar] [CrossRef]

	



Miao, J.T.; Yuan, L.; Guan, Q.; Liang, G.; Gu, A. Biobased heat resistant epoxy resin with extremely high biomass content from 2,5-furandicarboxylic acid and eugenol. ACS Sustain. Chem. Eng. 2017, 5, 7003–7011. [Google Scholar] [CrossRef]

	



Francois, C.; Pourchet, S.; Bonia, G.; Fontaine, S.; Gaillard, Y.; Placet, V.; Galkin, M.V.; Orebom, A.; Samec, J.; Plasseraud, L. Diglycidylether of iso-eugenol: A suitable lignin derived synthon for epoxy thrmoset applications. RSC Adv. 2016, 6, 68732–68738. [Google Scholar] [CrossRef]

	



Van Bogart, J.W.C.; Gibson, P.E.; Cooper, S.L. Structure property relationship in polycaprolactone-polyurethanes. J. Polym. Sci. Polym. Phys. 1983, 21, 65–95. [Google Scholar] [CrossRef]

	



Ishak, Z.I.; Sairi, N.A.; Allias, Y.; Aroua, M.K.T.; Yusoff, R. Production of glycerol carbonate from glycerol with aid of ionic liquid as catalyst. Chem. Eng. J. 2016, 297, 128–138. [Google Scholar] [CrossRef]

	



Lee, S.H.; Oh, C.R.; Lee, D.S. Large Improvement in the Mechanical Properties of Polyurethane Nanocomposites Based on a Highly Concentrated Graphite Nanoplate/Polyol. Nanomaterials 2019, 9, 389. [Google Scholar] [CrossRef]

	



Fortman, D.J.; Brutman, J.P.; Hillmyer, M.A.; Dichtel, W.R. Structural effects on the reprocessability and stress relaxation of crosslinked polyhydroxyurethanes. J. Appl. Polym. Sci. 2017, 134, 1–11. [Google Scholar] [CrossRef]

	



Lee, S.H.; Shin, S.R.; Lee, D.S. Sorbitol as a chain extender of polyurethane prepolymers to prepare self-healable and robust polyhydroxyurethane elastomers. Molecules 2018, 23, 2515. [Google Scholar] [CrossRef]








[image: Polymers 12 01011 sch001 550] 





Scheme 1. Repeat structures of ester and ether thermoplastic polyurethanes (TPUs). 






Scheme 1. Repeat structures of ester and ether thermoplastic polyurethanes (TPUs).



[image: Polymers 12 01011 sch001]







[image: Polymers 12 01011 sch002 550] 





Scheme 2. Synthesis route and structure of (a) eugenol epoxy (EE) and (b) phenoxy resin. 
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Figure 1. 1H NMR spectra of eugenol and EE, respectively. 
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Figure 2. Differential scanning calorimetry (DSC) thermograms of EE before curing (a) and after curing (b). 
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Figure 3. DSC curves for the TPU/phenoxy blends: (a,b) Ester TPU/phenoxy blends with different catalysts; (c,d) Ether TPU/phenoxy with different catalysts. 
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Figure 4. Stress-strain curves for the ester TPU/phenoxy resin blends: (a) ester TPU/phenoxy without the catalyst; (b) ester TPU/phenoxy with zinc acetate as the catalyst; (c) ester TPU/phenoxy with DBTDL as the catalyst; (d) ester TPU/phenoxy with TBD as the catalyst. 
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Figure 5. Stress-strain curves for the ether TPU/phenoxy resin blends: (a) ether TPU/phenoxy with zinc acetate as the catalyst; (b) ether TPU/phenoxy with DBTDL as the catalyst; (c) ether TPU/phenoxy with TBD as the catalyst. 
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Figure 6. ATR-FTIR spectra of heat-treated TPU/phenoxy blends at low wavenumbers: (a) Ester TPU/phenoxy with the catalyst; (b) ether TPU/phenoxy with the catalyst. 
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Figure 7. Schematic of the exchange reaction between ester TPU and phenoxy resin. 
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Figure 8. Dynamic mechanical analysis (DMA) curves of ester TPU/phenoxy blends: (a) Storage modulus for the ester TPU blends without the catalyst; (b) storage modulus for the ester TPU blends with zinc acetate as the catalyst; (c) storage modulus for the ester TPU blends with DBTDL as the catalyst; (d) storage modulus for the ester TPU blends with TBD as the catalyst. 
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Figure 9. Self-healing properties of ester TPU/phenoxy blends: (a) blends without the catalyst; (b) blends with zinc acetate as the catalyst; (c) blends with DBTDL as the catalyst; (d) blends with TBD as the catalyst. Colored lines represent samples of different composition and thermal history: (━) Pristine ester-type TPU; (━) Ester TPU90/10 after heat treatment at 150 °C; (━) Ester TPU80/20 after heat treatment at 150 °C; (━) Ester TPU90/10 after cut and heal at 150 °C; (━) Ester TPU90/20 after cut and heal at 150 °C. 
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Figure 10. Healing efficiency of ester TPU/phenoxy blends with different catalysts. 
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Table 1. Sample code and composition of the TPU/phenoxy resin blends.






Table 1. Sample code and composition of the TPU/phenoxy resin blends.





	
Sample Codes

	
Blends

	
Catalysts




	
TPU

	
Phenoxy Resin

	
Zinc Acetate

	
DBTDL

	
TBD




	
(g)

	
(g)

	
(wt%)

	
(wt%)

	
(wt%)






	
Ester TPU

	
100

	
0

	

	

	




	
Ester TPU90/10

	
90

	
10

	

	

	




	
Ester TPU80/20

	
80

	
20

	

	

	




	
Ester TPU-zinc

	
100

	
0

	
0.1

	

	




	
Ester TPU90/10-zinc

	
90

	
10

	
0.1

	

	




	
Ester TPU80/20-zinc

	
80

	
20

	
0.1

	

	




	
Ether TPU-zinc

	
100

	
0

	
0.1

	

	




	
Ether TPU90/10-zinc

	
90

	
10

	
0.1

	

	




	
Ether TPU80/20-zinc

	
80

	
20

	
0.1

	

	




	
Ester TPU-DBTDL

	
100

	
0

	

	
0.1

	




	
Ester TPU90/10-DBTDL

	
90

	
10

	

	
0.1

	




	
Ester TPU80/20-DBTDL

	
80

	
20

	

	
0.1

	




	
Ether TPU-DBTDL

	
100

	
0

	

	
0.1

	




	
Ether TPU90/10-DBTDL

	
90

	
10

	

	
0.1

	




	
Ether TPU80/20-DBTDL

	
80

	
20

	

	
0.1

	




	
Ester TPU-TBD

	
100

	
0

	

	

	
0.1




	
Ester TPU90/10-TBD

	
90

	
10

	

	

	
0.1




	
Ester TPU80/20-TBD

	
80

	
20

	

	

	
0.1




	
Ether TPU-TBD

	
100

	
0

	

	

	
0.1




	
Ether TPU90/10-TBD

	
90

	
10

	

	

	
0.1




	
Ether TPU80/20-TBD

	
80

	
20

	

	

	
0.1
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Table 2. Thermal, mechanical and dynamic mechanical properties of TPU/phenoxy resin blends.
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	Sample Codes
	Tgs (°C)
	Tm (°C)
	Tc (°C)
	Tensile Strength (MPa)
	Elongation at Break (%)
	Storage Modulus at 20 °C (MPa)





	Ester TPU
	−18
	-
	36
	30.9 ± 1%
	600 ± 1%
	11.2



	Ester TPU90/10
	−12
	155
	44
	27.8 ± 1.2%
	615 ± 0.9%
	37.2



	Ester TPU80/20
	−11
	151
	49
	23.5 ± 1.1%
	600 ± 0.8%
	41.9



	Ester TPU-zinc
	−20
	150
	35
	16 ± 1%
	616 ± 0.8%
	23.5



	Ester TPU90/10-zinc
	−12
	145
	38
	19.7 ± 1.1%
	615 ± 1%
	28



	Ester TPU80/20-zinc
	−11
	143
	47
	18.7 ± 1.2%
	619 ± 1%
	35.7



	Ester TPU-DBTDL
	−16
	148
	35
	21.7 ± 1.5%
	645 ± 1.3%
	17.3



	Ester TPU90/10-DBTDL
	−11
	145
	42
	16.6 ± 1.6%
	583 ± 1.3%
	22.8



	Ester TPU80/20-DBTDL
	−7
	141
	46
	13.2 ± 1.5%
	524 ± 1.3%
	52.1



	Ester TPU-TBD
	−17
	147
	37
	14.1 ± 1.5%
	620 ± 1.2%
	25.6



	Ester TPU90/10-TBD
	−13
	144
	40
	9.2 ± 1.3%
	615 ± 1%
	20.3



	Ester TPU80/20-TBD
	−10
	139
	45
	9 ± 1.4%
	578 ± 1%
	25.3



	Ether TPU-zinc
	−25
	200
	-
	35 ± 0.9%
	440 ± 1%
	54.4



	Ether TPU90/10-zinc
	−22
	197
	-
	32 ± 1%
	360 ± 1.3%
	133.8



	Ether TPU80/20-zinc
	−16
	194
	-
	24 ± 1%
	260 ± 1.5%
	151.8



	Ether TPU-DBTDL
	−25
	221
	-
	47 ± 1.2%
	542 ± 1.6%
	30.4



	Ether TPU90/10-DBTDL
	−18
	200
	-
	28 ± 1%
	396 ± 0.8%
	120



	Ether TPU80/20-DBTDL
	−9
	195
	-
	12 ± 1.1%
	338 ± 1.3%
	150.6



	Ether TPU-TBD
	−27
	220
	-
	48.4 ± 1%
	533 ± 1.2%
	107.1



	Ether TPU90/10-TBD
	−21
	201
	-
	44 ± 1.2%
	520 ± 1.4%
	118.5



	Ether TPU80/20-TBD
	−16
	198
	-
	42 ± 1%
	435 ± 1.2%
	154.3
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Table 3. Summary of the tensile properties and healing efficiency of TPU/phenoxy blends after heat treatment at 150 °C.
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Sample

	
After Heat Treatment (without cut)

	
After Cut and Heal Test

	
Healing Efficiency (%)




	
Tensile Strength (MPa)

	
Elongation at Break (%)

	
Tensile Strength (MPa)

	
Elongation at Break (%)






	
Ester TPU

	
30.4

	
617

	
-

	
-

	
0




	
Ester TPU90/10

	
16.3

	
610

	
2.4

	
36

	
15




	
Ester TPU80/20

	
14.6

	
500

	
2.6

	
74

	
18




	
Ester TPU-zinc

	
7.1

	
600

	
-

	
-

	
0




	
Ester TPU90/10-zinc

	
15.8

	
509

	
14.1

	
478

	
89




	
Ester TPU80/20-zinc

	
8

	
434

	
7.7

	
418

	
96




	
Ester TPU-DBTDL

	
6.9

	
581

	
-

	
-

	
0




	
Ester TPU90/10-DBTDL

	
12.6

	
600

	
7

	
314

	
56




	
Ester TPU80/20-DBTDL

	
8.6

	
600

	
7

	
570

	
82




	
Ester TPU-TBD

	
4

	
200

	
-

	
-

	
0




	
Ester TPU90/10-TBD

	
4.3

	
184

	
4.1

	
150

	
95




	
Ester TPU80/20-TBD

	
3.9

	
210

	
3.9

	
165

	
100
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