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Polycarbonate-based polyurethanes (PCU) are frequently used in airship envelope materials because of its outstanding mechanical performances and aging resistance. However, the surface of PCU is likely damaged during processing and operating and the emerged minuscule cracks will lead to deterioration of perfomances for airship’s envelope materials. Herein, self-healing PCU/polypyrrole nanoparticles (PPy) composites were prepared by solution blending and quick healing of specific area for PCU was realized due to the high photo-thermal conversion merit of PPy. The results show that, the mechanical properties of PCU/PPy composites can be restored to more than 80% and the gas barrier properties can also be basically repaired when irradiating the destroyed surface using near-infrared light for only 60s. In addition, the ultraviolet visible (UV-vis) shielding performance of the PCU/PPy composites was enhanced significantly and the UV-vis transmittance was less than 14% and 2% with 0.25wt% and 0.5wt% PPy, respectively. Meanwhile when 0.25wt% PPy was added, the tensile strength increased from 17.9MPa to 21.7 MPa and the elongation at break increased from 647% to 829%. Besides, the thermal decomposition temperature at 5wt% loss increased from 277.8°C to 300.7°C and 304.88°C with 0.25 wt% and 0.5 wt% PPy, respectively. The prepared composites show promising application in aerospace domain.
Keywords: polycarbonate-based polyurethanes, self-healing, UV-vis shielding properties, polypyrrole nanoparticles, nanocomposites
1 INTRODUCTION
Polyurethane is a kind of elastomer materials whose chemical structure can be flexibly adjusted according to the requirements of use (Jiang et al., 2021). It is a commonly used polymer for envelope materials of airship owing to the advantages of excellent ozone resistance, low temperature adaptability, chemical resistance and toughness (Xie et al., 2019; Li et al., 2021; Mandlekar et al., 2022). It is inevitable to avoid the emergence of quantity folds and even micropores or minuscule cracks on envelope materials during the processing or transportation, which results in a significant reduction of the gas-barrier performance of the airship. Moreover, the aging process of the multi-folded part will be obvious accelerated compared with the normal part, which seriously shortens the service life (Marcano et al., 2019). However, the big size of airship makes it almost impossible to carry out subsequent repairing work if the envelope materials suffering damage. Therefore, polyurethane with self-healing function is favored to maintain the barrier and anti-aging properties without affecting the aging properties. Once the polymer is damaged, a simple process can realize self-healing, which could improve the safety and save the maintenance cost and thereby prolong the lifetime of materials (Hornat and Urban et al., 2020; Eom et al., 2021; James et al., 2021; Wang et al., 2022; Pan et al., 2022).
Most self-healing polymers require additional stimuli to trigger repairing, such as light, heat, electricity and microwave etc (Burnworth et al., 2011; Amamoto et al., 2012; Tee et al., 2012; Wang et al., 2020; Yu et al., 2021; Irez et al., 2022). Amongst, as an environmental-friendly energy, light initiation can realize the self-healing of specific area through remote site-direction without contact, which could avoid the extra damage to other intact area which are probably brought via heat or microwave. Typically, there are nanoparticles with excellent photo-thermal conversion distributing in the matrix, which could absorb light efficiently and serve as nano-heater to elevate the temperature of polymer. At this case, polymer chains could move and rearrange to fill the damaged area. Most used photo-thermal converters include gold nanoparticles (Zhang et al., 2021), silver nanowires, graphene oxide (Liu et al., 2022), carbon nanotubes (Kausar, 2021) etc. Compared with these mentioned above, polypyrrole (PPy) is a kind of conjugated polymer with the merits of easy preparation, adjustable particle size and excellent photo-thermal properties (Dong et al., 2021; Sander and Ferreira, 2018; Zhao et al., 2021; Zha et al., 2013a; Zare et al., 2021). It has been widely used in photo controlled tumor drugs (Phan et al., 2018). Zha et al. prepared PPy nanoparticles with uniform particle size by one-step water dispersion method. The PPy nanoparticles obtained exhibit significant photo-thermal conversion efficiency, which is superior to the known gold nanorods (Zha et al., 2013b). Zeng et al. used PPy to prepare antitumor drugs with good photo-thermal conversion efficiency under near-infrared (NIR) irradiation, which can effectively remove tumors (Chen et al., 2019). Yang groups synthesized thermoplastic polyurethanes (TPU) using polycaprolactone diol and polytetrahydrofuran as soft segment, and developed a NIR induced self-healing TPU/PPy nanocomposites with rapid repair performance (Wu et al., 2020).
In this paper, we introduced PPy into the polycarbonate-based polyurethanes (PCU) to prepare airship envelope materials used self-healing PCU/PPy composites by solution blend. The result shows that the addition of PPy not only endows composite with the ability of quick repair under NIR irradiation, but also improves the ultraviolet visible (UV-vis) shielding performance. The mechanical and gas-barrier properties could recover after irradiation and the thermal stability gets improved substantially, which has a broad application prospect in airship envelope materials and other fields.
2 EXPERIMENTAL
2.1 Materials
Polycarbonate diol (PCDL) with Mn ≈ 2000g/mol was purchased from UBE Corporation and was dried in vacuum oven at 100°C for 2 h before using. Dicyclohexylmethane-4,4′-diisocyanate (HMDI, 99%), dibutyltin dilaurate (DBTDL, 95%),1,4-butanediol (BDO, 99.5%), pyrrole (Py) and iron chloride hexahydrate (FeCl₃·6H₂O, 99%) were all purchased from Aladdin Biochemical Technology Co., Ltd. Polyvinyl alcohol (PVA, Mn=1750 ± 50, ≥99.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd. N,N-Dimethylformamide (DMF, stored on molecular sieves) was purchased from Energy Chemicals Co., Ltd.
2.2 Preparation of PCU
PCU was synthesized by two-step method with DMF as the solvent (Figure 1). First, HMDI (5.24g) was put into a dry flask and stirred in oil bath at 80°C. PCDL (20g) and DBTDL (0.01wt% of PCU) dissolved in DMF were added dropwise to the flask and stirred under Ar atmosphere at 80°C for 2 h. During the reaction, the content of -NCO was monitored by chemical titration (toluene di-n-butylamine titration). After prepolymerization reaction, BDO was added to the reactor for chain extension. When the reaction was over, the mixture was put into a Teflon mould and dried in vacuum at 60°C for 24 h to obtain the final product PCU.
[image: Figure 1]FIGURE 1 | The synthetic route of PCU.
2.3 Preparation of PPy nanoparticles
PPy nanoparticles were prepared from PVA, FeCl3·6H2O, and pyrrole in deionized water according to the literature (Hong et al., 2010). Typically, PVA was added into deionized water to make PVA aqueous solution with a concentration of about 1.0wt%, which was stirred in an oil bath at 80°C to dissolve it fully. After dissolution of PVA in deionized water, FeCl3·6H2O was added into the PVA aqueous solution. The molar ratio of FeCl3·6H2O to pyrrole was 2.3. Then the PVA aqueous solution was cooled in an ice bath. Pyrrole was added to the PVA aqueous solution drop by drop and stirred continuously for 8 h. After completion of polymerization, the resulting nanoparticles were separated from the dispersion solution by centrifugation (15000rpm, 30min) and washed with deionized water repeatedly to remove impurities. PPy nanoparticles could be obtained after freeze-drying for more than 48 h.
2.4 Preparation of PCU/PPy nanocomposites
PCU/PPy nanocomposites were prepared by solution blending. A certain amount of PCU and PPy (0.1, 0.25, 0.5, and 1.0wt% of PCU) was dispersed in DMF. The mixture was ultrasonic dispersed for 1h to make the dispersion of PPy nanoparticles more uniform. After pouring the mixture into the Teflon mould and vacuum drying at 60°C for 48 h, PCU/PPy-x (x represents the wt% of PPy added to PCU) nanocomposites film could be obtained.
3 CHARACTERIZATION
The FTIR spectra were obtained using Vertex 70 (Bruker, Germany) in the range of 4000-500cm− 1 with a resolution of 4cm−1.
1H NMR spectra were recorded on a spectrometer (Unity Inova, 400 MHz, United States) using DMSO-d6 as the solvent, Bruker AV.
The molecular weight and polydispersity index (PDI) of polymers were determined using gel permeation chromatography (GPC) instrument (Polymer Laboratories, PL-GPC120, United Kingdom).
Thermo gravimetric analysis (TGA, Mettler Toledo, Switzerland) was used to demonstrate the thermal stability of nanocomposites. The test was carried out from 25°C to 600°C at a heating rate of 10°C/min under an N2 atmosphere.
Scanning electron microscopy (SEM, XL-30 ESEM FEG, FEI Company) was used to observe the morphology of PPy nanoparticles and the fracture surface of PCU/PPy nanocomposites.
The laser system (LSR808H–5W-FA) with a NIR energy source (808 nm) was applied for investigating the NIR light-responsive of the synthesized composites. The optical microscope images of self-healing process were analyzed by polarizing microscope (Leica, DM2500P)
Ultraviolet-visible-near infrared spectrophotometer (PerkinElmer LAMBDA 1050) was used to demonstrate the UV-vis transmittance of PCU/PPy nanocomposites.
Helium permeability of samples was tested at room temperature using VAC-V2 gas permeameter (Languang, Jinan). Helium permeability was measured by differential-pressure method according to GB/T 1038–2000.
According to GB/T 1040.3–2006, the tensile and self-healing tests of the nanocomposites were used by the universal testing machine (Instron 1121) at a strain rate of 200mm/min−1. The dimensions of the tensile test samples were 50mm×4mm×0.5 mm. The tensile test samples were the same as the self-healing samples. At least five specimens of each sample were tested and the result for each sample corresponded to the average of five test results.
Self-healing properties were evaluated by comparison the tensile strength of samples before and after self-healing. Each sample was cut into two parts, each part was spliced together and irradiated under 808 nm NIR light for a period of time to realize self-healing. The sample was tested for ultimate tensile strength (σ). The self-healing efficiency was defined as follows:
[image: image]
4 RESULTS AND DISCUSSIONS
4.1 Structural characterization
FTIR spectroscopy was used to confirm whether the reaction was complete. As shown in Figure 2A, the peaks for PPy located at 1549, 1179, 1037, and 892cm−1 represented the characteristic peak of C-C, C-N, C-H, N-H, respectively. SEM was used to measure the size of PPy nanoparticles, as shown in Figures 2B,C. As can be seen, the prepared PPy nanoparticles displayed good uniformity and possessed a narrow particle size distribution, mainly between 75 and 85nm, with an average particle size of about 80.6 nm.
[image: Figure 2]FIGURE 2 | (A) FT-IR spectra of PPy (B) SEM of PPy nanoparticles (C) granularmetric analysis.
The molecular weight and PDI of PCU were determined by GPC: Mn=42548 g/mol, Mw=83991 g/mol, PDI=1.97. As shown in Figure 3, the characteristic peak of -NCO near 2270cm−1 was absent in PCU, which indicated that the polymerization reaction of PCU had been completed (Yang et al., 2017). FTIR spectra of PCU/PPy nanocomposites were also displayed in Figure 3. Compared to PCU/PPy-0, the characteristic peaks of C-O bonds of nanocomposites with PPy move to low wavenumbers. This may be due to the formation of intramolecular hydrogen bond between PPy and PCU. However, because the addition of PPy was less than 1.0wt%, PCU/PPy nanocomposites did not significantly change the characteristic peaks of PCU.
[image: Figure 3]FIGURE 3 | (A) FT-IR spectra of PCU/PPy nanocomposites (B) amplified spectra of PCU/PPy nanocomposites.
The 1HNMR spectrum of the above synthesized PCU was shown in Figure 4. The chemical shifts at 4.04ppm and 3.91ppm were attributed to methylene proton linked by ester oxygen and between two six-membered rings, respectively. The chemical shifts at 1.06–1.79ppm were attributed to protons on methylene proton from PCDL and BDO.
[image: Figure 4]FIGURE 4 | 1H NMR spectrum of PCU.
4.2 Morphology of PCU/PPy-x
In order to realize photo induced self-healing, the uniform dispersion of photo-thermal nanoparticles in the system was very important. Therefore, microscopic morphology of PCU/PPy nanocomposites was characterized by SEM to analyze the dispersion of PPy in polymer system. The fracture surface of samples was given in Figure 5. The surface of PCU/PPy-0 presented a smooth and flat morphology. When the content of PPy was 0.1wt%, there were basically no PPy particles on the surface due to the well dispersion in polymer matrix. However, with the increase of PPy content, the fracture surface of samples became rougher and PPy particles could be clearly seen on the polymer surface. Especially, when the content reached 1wt%, as show in Figures 5E,F, obvious aggregation phenomenon appeared on the polymer surface.
[image: Figure 5]FIGURE 5 | SEM images of (A) PCU/PPy-0, (B) PCU/PPy-0.1, (C) PCU/PPy-0.25, (D)PCU/PPy-0.5, (E) (F) PCU/PPy-1 (the scale bar of A,B,C,D,E,: 10 μm and the scale bar of F: 5 μm).
4.3 Mechanical properties and thermal properties of PCU/PPy
The mechanical properties of materials were directly related to their usability, so the effect of PPy on the mechanical properties of composites was analyzed by tensile testing. The results were illustrated in Figure 6 and Table 1. As listed, the tensile strength and elongation at break of PCU/PPy-0 were 17.9 MPa and 647%, respectively. With the increase of PPy addition, the mechanical properties of PCU/PPy nanocomposites gradually improved. The tensile strength and elongation at break of PCU/PPy-0.25 reached 21.7 ± 0.5MPa and 829 ± 75%, respectively. In view of this, the incorporation of PPy was helpful to improve the mechanical properties of PCU. The results were mainly attributed to the strong interaction between PPy and PCU. Many physical cross-linking points were formed in the PCU, which significantly improves the mechanical properties of nanocomposites. However, when the addition of PPy exceeded 0.5wt%, the tensile strength began to decrease from 21.7 ± 0.5MPa to 19.5 ± 1.0MPa, this may be due to the agglomeration effect caused by the excessive addition of PPy, resulting in the reduction of mechanical properties, which could refer to the SEM results.
[image: Figure 6]FIGURE 6 | The stress-strain curves of the PCU/PPy-x.
TABLE 1 | Stretch data and TGA of PCU/PPy-x.
[image: Table 1]Thermal stability was another critical parameter influencing the actual application of the composites. TGA was used to analyze the effect of PPy on the thermal stability of the composites. The results were shown in Figure 7 and Table 1. With the increasing dosage of PPy, the thermal properties of the composites had been significantly improved. The temperature at 5% weight loss (Td5%) of PCU/PPy-0.25 and PCU/PPy-1 were 300.72°C and 305.56°C, which was 22.92°C and 27.76°C higher than that of PCU/PPy-0. Besides, the temperature at maximum weight loss (Tdmax) of the materials got dramatic enhanced with about 40°C when adding 1wt% PPy. The reason for this phenomenon may be that the surface of PPy contains a large number of N–H, which can form hydrogen bonds with urethane and ester bonds in polyurethane, and the formation of this physical crosslinking can improve the thermal stability of the composite (Wen et al., 2001; Kotal et al., 2011; Yanilmaz and kalaoglu, 2012).
[image: Figure 7]FIGURE 7 | (A) TGA curves of PCU/PPy-x (B) DTA curves of PCU/PPy-x.
4.4 Photothermal properties of PCU/PPy
Nanoparticles with photo-thermal conversion properties can make the composite temperature rise and reach a higher temperature in a short time, so as to realize rapid self-healing. In order to study this performance, the sample was placed under an NIR laser light for irradiation. The thermocouples were used to record the temperature of the surface of the sample in real time to study the variation of the surface temperature for sample with the irradiation time and irradiation intensity.
The nanocomposites with different content of PPy were irradiated under the NIR light and the output power of NIR light was 1.1w/cm2. The result was shown in Figure 8. PCU/PPy-0 had almost no photo-absorbing properties. In comparison, the samples containing PPy could basically reach the equilibrium temperature within 60 s, and the equilibrium temperature that could be achieved was relatively higher. Among them, it took only 30s for PCU/PPy-0.5 to increase from room temperature to 100°C above, which indicated that the addition of PPy could significantly improve the heating rate of nanocomposites (Figure 8A). The heating rate and equilibrium temperature of NIR radiation responsive nanocomposites were not only related to the content of photothermal effect nanoparticles, but also depended on the output power of the light emitter. Here, PCU/PPy-0.5 was used as the sample to explore the effect of different radiation power on surface temperature. When the output power was 0.7w/cm2, the temperature of the sample surface was about 78°C after 90 s of irradiation. While the output power is 1.1w/cm2, the temperature of the sample surface could reach 118°C after the same time of irradiation (Figure 8B).
[image: Figure 8]FIGURE 8 | (A) Photothermal properties of PCU/PPy-x under NIR light (1.1w/cm2). (B) Photothermal properties of different output power.
4.5 Self-healing behavior of PCU/PPy
In order to study the self-healing behavior under NIR light, the helium permeability and mechanical performance of the PCU/PPy-x nanocomposites were research. The optical microscope images of the samples before and after self-healing were analyzed by polarizing microscope.
First, the circular samples with the diameter of about 97 mm and the thickness of about 180 μm were prepared and the helium permeability of the samples were tested and recorded. Then a puncture on the sample was stabbed with a fixed size needle (Figure 9). After that the sample was placed under NIR light (1.1W/cm2) for irradiation to conduct self-healing. After 60s irradiation, the sample was placed in air at room temperature for 48 h and the helium permeability was tested to evaluate the self-healing ability (Table 2).
[image: Figure 9]FIGURE 9 | The process and mechanisation of self-healing under NIR light.
TABLE 2 | Helium permeability of PCU/PPy-x before and after self-healing.
[image: Table 2]The helium permeability of PCU/PPy-0 original sample was 2.65L/m2·24 h·atm. The gas barrier of PCU/PPy-0 sample after punching was broken. Even after 120s NIR light irradiation, the sample still exhibit leakage, which proved that PCU/PPy-0 did not realize self-healing. The helium permeability of PCU/ppy-0.25, PCU/ppy-0.5 and PCU/ppy-1 before and after irradiation were 1.74 and 2.14L/m2·24 h·atm, 1.65 and 1.85L/m2·24 h·atm, 2.27 and 2.44 L/m2·24 h·atm, respectively. Thus it can be seen, after NIR light irradiation, the helium permeability of nanocomposites containing PPy were close to the original sample, which implies that the gas barrier was basically restored. These results also proved that the nanocomposites containing PPy can realize self-healing after NIR light irradiation.
PCU/PPy-0.25 was chosen as the object sample and the process as well as mechanism of self-healing under NIR light was shown in Figure 9. As could be seen under the microscope, there was an obvious hole on the surface of the sample after puncturing. After 60s NIR light irradiation, the original hole had been completely repaired. This is all ascribed to the efficient light-thermal conversion of PPy. Upon irradiation, PPy nanoparticles could absorb light efficiently and transform it into heat, which made the temperature rise. With the increase of temperature, PCU chains could move, rearrange, entangle together and finally fill the hole. The filled state was fixed and the damaged hole was healed when cooled down.
To study the repair efficiency of the PCU/PPy nanocomposites, PCU/ppy-0.25 was chosen as the representative sample. First, dumbbell shaped samples were cut into two parts from the middle, and the two cut surfaces were brought back together. Soon after irradiating the fracture for tens of seconds, the sample was placed in air at room temperature for 48 h. Finally, tensile tests were carried out to evaluate the self-healing efficiency, which could be calculated by formula (1). The results are summerized in Figure 10 and Table 3. PCU/PPy-0 was hardly repaired under NIR light even for 120s. Apparently, the self-healing efficiency of PCU/PPy-0.25 increased from 80.7% to 89.4%, 89.6% and 90.9% with the prolongation of irradiation time from 30 s to 60s, 90s and 120 s. As illustrated in the former Figure 8, the temperature rose sharply to 100°C above within 60s and gradually got to a plateau. Hence the enhancement of self-healing efficiency of sample was limited when irradiation time exceeded to 60s. The quick repairing rate and contactless initiation of self-healing render PCU/PPy great potential in application of envelope materials for airship.
[image: Figure 10]FIGURE 10 | The stress-strain curves of PCU/PPy-x after self-healing.
TABLE 3 | The seal-healing efficiency of PCU/PPy-0 and PCU/PPy-0.25.
[image: Table 3]4.6 UV–vis shielding property of PCU/PPy
The UV-vis shielding property of the PCU/PPy nanocomposites was accessed by UV-vis spectroscopy and the results were demonstrated in Figure 11. PCU/PPy-0 exhibited high UV-vis transmittance clearly with a transmittance in the range of 200–320nm and 400–800 nm of about 6% and 91%, respectively. Menwhile the transmittance in the range of 320–380 nm of PCU/PPy-0 increased from 6% to 85%. However, with the increase of PPy content, the transmittance of nanocomposites in the UV-vis region decreased significantly. The transmittance of nanocomposites containing PPy were close to 0% in the range of 200–370 nm. In the range of 400–800nm, the transmittance of nanocomposites decreased gradually with the increasing dosage of PPy. For PCU/PPy-0.25, the transmittance of nanocomposites in the range of 400–800 nm was about 12%. When the addition of PPy exceeded 0.5wt%, the transmittance in the range of 400–800 nm was less than 2%. This implied that the prepared PCU/PPy could be candidate for weathering layer of envelope materials to protect the inner layer from UV damage.
[image: Figure 11]FIGURE 11 | UV-vis light transmittance spectra of the PCU/PPy nanocomposites (Inserted is appearance of the PCU/PPy-x nanocomposites on the pattern).
To better show the light shielding properties of fabricated composites, photographs of samples covering the logo of CIAC were displayed in Figure 11 (inserted part). Obviously, the transparency of PCU/PPy decreased significantly with the increase of PPy content. For PCU/PPy-0, the logo of CIAC covered could also be clearly seen. Once the dosage of PPy exceeded to 0.5wt%, it was completely invisible to discovery the logo and the surface of sample became total black. This result was consistent with the UV-vis transmittance test.
5 CONCLUSION
In this article, the self-healing PCU/PPy composites were successfully fabricated by solution blending, which possessed rapid repair ability under NIR irradiation. Even though only 0.25wt% PPy was added, the mechanical properties of the intentionally damaged PCU/PPy composite could be restored to more than 80% and the gas barrier could also be almost repaired after only 60s NIR treatment. With the increase of PPy, the thermal stability got dramatic improvement with about 30 C and 40 C elevate of Td5% and Tdmax, respectively. Moreover, the UV-transmission of the PCU/PPy composite is less than 5% with 0.5wt% PPy. The PCU/PPy composite is suitable for high self-healing and aging resistance requirements applications such as airships and so on.
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