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Abstract

:

Expansion joint failure is one of the main causes that lead to the damages of concrete pavement. The silicon dioxide/shape memory polyurethane (SiO2/SMPU) is a new kind of sealant which can use its shape memory performance to adapt to the width of the expansion joint with the change of pavement temperature, and it can effectively prolong the service life of the pavement and reduce maintenance costs. In this study, the effects of programming and the addition of SiO2 particles to the thermodynamic properties of the specimens were detected using differential scanning calorimetry (DSC), the optimal shape memory programming temperature of which is 72.9 °C. Combined with scanning electron microscopy (SEM) and shape memory effect test, the particles are evenly distributed between the two phases, and the shape fixation rate (Rf) of 98.15% and the shape recovery rate (Rr) of 97.31% show that the composite has a good shape memory effect. Fourier transform infrared spectroscopy (FTIR) and dynamic infrared dichroism illustrate the change of the hydrogen bond of soft and hard segments with the SiO2 particles in the shape memory cycle, revealing the optimal shape memory programming process. This study provides an insight into the reinforcement mechanism of SiO2 nanoparticles in SMPU matrix and verify whether it can meet the engineering requirements of expansion joints when used as a sealant of concrete pavement.
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1. Introduction


Cement concrete pavement has become one of the main paving types of high-grade pavement due to its high strength, good stability and long service [1]. Most of the cement concrete pavement are jointed cement roads. The joints are some of the weakest parts of cement pavement, which is the main factor leading to cement pavement damage. The sealing effect and durability of sealant directly affect the waterproofness, tightness and smoothness of cement pavement joints, and further affects the life span of the pavement, the comfort level of driving, and maintenance and repair costs [2]. However, the cement pavement sealant at present is difficult to adapt to the environmental conditions of the joint and the cyclic expansion and contraction of the joint width. Further, there is no self-healing function, which cannot meet the requirements for the use and development of the cement pavement. Liu et al. [3] prepared asphalt-based sealant with five different additives and found that the mixture performance of asphaltic plug joints can be influenced by proper number of additives. Li et al. [4] studied a novel adhesive strength method to define the silicone sealants’ adhesive strength as self-leveling or not.



Nowadays, many kinds of sealants have been used to seal expansion joints on concrete pavement, such as hot-poured, cold-poured or preformed. Due to the damages of the existing sealants (cohesive and adhesive failure), more and more new materials are being researched [5]. Among them, Shape memory polyurethane (SMPU), as a kind of important sealant materials, can maintain a temporary shape at a specific temperature and recover to the original shape after stimulated by light, humidity, radiation, temperature or magnetic field, etc. [6]. SMPUs show such advantages as large deformation, convenient programming, easy adjustment of shape responsive temperature, light weight, corrosion resistance, etc. [7].



However, there is a thermodynamic incompatibility between soft and hard segments in SMPU due to their different chemical constituents. This incompatibility causes the segregation between the soft and hard segments in SMPU, and hard segments are mutually aggregated. As a result, two phase structure is formed in SMPU, including a soft segment region (soft segment phase) and a hard segment region (hard segment phase), which is the microphase separation in SMPU [8].



At the same time, the chemical connection between soft and hard segments reduces macro phase separation in SMPU. The sizes of hard segments in SMPU are usually from 5 nm to 100 nm with fibrous, spherical, cylindrical and plate shapes. In addition to covalent interactions, there are non-covalent interactions between the hard segment chain and/or the hard segment region in SMPU, such as hydrogen bonding, dipole interaction, etc. [9]. Under the action of non-covalent bonds, the independent hard segment regions are further aggregated and assembled, resulting in an increase in the size of hard segment region even to the micron level. Since there are different structures and performances between soft and hard segments, the two-phase structure due to phase separation brings local micro-nano structures with different properties in SMPU [10].



It was known from the shape memory mechanism of SMPU that the phase separation microstructure is constantly changed during the shape memory effect cycle [6]. Zhang et al. [11] found that the SMP could quickly return to its permanent shape when the temperature exceeded the transition temperature by pulling the hard segments by soft segments in a phase separation structure during the shape memory cycle. Wongsamut et al. [12] investigated the effect of hard-soft segment ration on adhesion properties, indicating that distinct phase structure partitions in an unambiguous phase-separated structure have an impact on the performance of the SMPU.



Additionally, Priyanka et al. [13] investigated the shape memory properties of SMPU based composites with its detailed chemical and thermo-mechanical characterization, indicating that effects of the original shape of SMPU on the degree of phase separation were related to the distance between hard segment microdomains and the space required for hard segment crystallization. In addition, the programming, fixing and recovery are three necessary steps to characterize shape memory performance of SMPU [14]. Morozov et al. [15] point out that the surface free energy and the length of the soft and hard segments change with the stretch direction of the temporary pattern during the shape memory cycle. Gonzalez et al. [16] observed similar changes in morphology and orientation of hard segment domains when SMPU was stretched.



In our previous study [17], we found that soft segment molecular chains in SMPU was oriented after the uniaxial stretching, and the phase structure and microscopic morphology of hard and soft segment microdomains were changed to affect mechanical properties of SMPU. However, the filling effects of SiO2 nanoparticles on thermal behaviors, shape memory effect, interaction among microphase structure and molecular orientation of porous SMPU matrix were not discussed.



It was found that the addition of particle reinforcement could enhance mechanical performance and shape recovery force of SMPU [18]. Among those reinforcement particles of SMPU, the molecular state of SiO2 nanoparticle is a three-dimensional chain structure, which interacts with the electron cloud of SMPU matrix. A network structure is formed in SMPU by the effective entanglement based on physical reaction, which is conductive to improve the mechanical properties, aging resistance and thermal stability of SMPU. Therefore, properties of SiO2/SMPU nanocomposite were paid more and more attention [18].



Shi et al. [19] prepared SiO2/SMPU composite and found that it had great shape memory effect and mechanical properties when SiO2 particle content was 15%. Zhang et al. [20] pointed out that nano SiO2 particles on the surface could effectively enhance UV resistance, thermal stability and interfacial shear strength. Yousefi et al. [21] optimized the effective parameters of surface tension and durability of synthesized coatings and provided a simple preparation method of SiO2/SMPU nanocomposite. Huang et al. [22] used the IR to study the hard and soft segments in a shape memory cycle and reported that the mechanism of change in soft and hard segments motion.



Currently, it is noted that influences of SiO2 nanoparticle on thermal stability, shape memory performance, interfacial microphase structure and molecular orientation of SMPU were rarely investigated. Further, the filling effects of SiO2 nanoparticles on molecular orientation of porous SMPU matrix as well as the interaction between SiO2 nanoparticles and SMPU were seldom reported. As a result, it is difficult to reveal the reinforcement mechanism of SiO2 nanoparticles and shape memory mechanism of SiO2/SMPU nanocomposite. The objective of this study is to better understand thermal behavior and shape memory effect of SiO2/SMPU nanocomposite used as a sealant for expansion joint on concrete pavement, as well as characterize changes in interfacial microstructure and molecular orientation of SiO2/SMPU during a shape memory cycle. This provides an insight into the reinforcement mechanism of SiO2 nanoparticles on SMPU matrix and the shape memory mechanism of SiO2/SMPU nanocomposite, which further explain that programmed sealant can better adapt to the engineering application requirements of expansion joints in a working environment that meets the road temperature.



In this study, SiO2/SMPU nanocomposite was synthesized by the in-situ polymerization method. The glass transition temperature (Tg) and the phase transition temperature (Ttrans) of SiO2/SMPU nanocomposite was determined by DSC tests, further confirming whether the Ttrans meets the working requirements. Rf and Rr were calculated to evaluate shape memory effect of SiO2/SMPU nanocomposite. Then, FESEM was used to observe the microscopic morphology changes of original, programmed and recovered SiO2/SMPU nanocomposites, respectively. After that, FTIR and dynamic infrared dichroism tests were conducted to discuss microstructure changes at the interface between SiO2 nanoparticles and SMPU matrix, as well as molecular orientation changes of original, programmed and recovered SiO2/SMPU nanocomposite, revealing the reinforcement mechanism of SiO2 nanoparticles on SMPU matrix and the shape memory mechanism of SiO2/SMPU nanocomposite. Generally, the highest temperature of pavement in summer as the response temperature of SiO2/SMPU nanocomposite sealant, it realizes the self-healing of the sealant by recovering to the original shape in presence of an external stimuli, which greatly prolongs the service life and reduces the maintenance cost.




2. Experimental


2.1. Synthesis of SiO2/SMPU Nanocomposite


2.1.1. Raw Materials


Main materials used in this study include polyadipate-1,4-butanediol diol (PBAG, Mn = 2000, industrial grade, Asahikawa Chemical Co., Ltd., Suzhou, China), toluene diisocyanate (TDI, chemically pure, TCI (Chemical Industry Development Co., Ltd., Shanghai, China)), 1,4-butanediol (BDO, analytical grade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and SiO2 powder with the particle size of 16 nm (Changtai Chemical Plant, Shandong, China).




2.1.2. Synthesis of Samples


SiO2/SMPU nanocomposite was prepared through uniformly dispersing 15% by volume of SiO2 nanoparticles in SMPU matrix. SiO2/SMPU nanocomposite was synthesized by in-situ polymerization. The calculated amount of PBAG was placed in a 250 mL 4-neck round-bottom flask, which was equipped with a thermometer, a mechanical stirrer, and nitrogen inlet and outlet tubes. PBAG was dehydrated at 120 °C for 1.5 h under vacuum environments (vacuum degree > 0.095 MPa). When the temperature was lowered to 80 °C, a calculated amount of TDI was added. Under the protection of nitrogen, the temperature was maintained at 80 °C for 2 h to obtain SMPU prepolymer.



Then SiO2 nanoparticles were added into the prepolymer. The mixture was stirred using a mechanical stirrer for about 10 min for uniform dispersion of SiO2 particles. After that, when the temperature was lowered to 70 °C, the required amount of chain extender of BDO was added dropwise into the mixture which was rapidly stirred for 30 min. The synthesized SiO2/SMPU nanocomposite was immediately injected into polytetrafluoroethylene molds where the homogeneous mixture was cooled to room temperature and cured. Thus, a SiO2/SMPU nanocomposite sample was obtained after demolding. Finally, this sample was subjected to various property characterizations. The schematic diagram of chemical structures of molecular segments in SiO2/SMPU nanocomposite was shown in Figure 1.





2.2. Characterization Method


2.2.1. DSC Test


DSC (204F1 type, Netzsch, Germany) was utilized to discuss the thermal behaviors of soft and hard segments and determined the transition temperature (Ttrans) of SiO2/SMPU composite. About 15 mg SiO2/SMPU sample was heated from −40 °C to 200 °C at a heating rate of 10 °C/min in the nitrogen environments. After that, SiO2/SMPU sample was cooled from 200 °C to −40 °C at a cooling rate of 20 °C/min, and then was heated to 200 °C at the heating rate of 20 °C/min. DSC test results in the second heating process were obtained to analyze thermal properties of SiO2/SMPU composite through eliminating the thermal history. This experiment was repeated three times.




2.2.2. Shape Memory Test


To endow SiO2/SMPU nanocomposite with shape memory effect, it was usually subjected to a typical five-step thermodynamic cycle for programming and free recovery as shown in Figure 2. The uniaxial tensile programming using a truss fixture and shape recovery were described in our previous study [17].



To endow SMPU and SiO2/SMPU composite with shape memory effects, it was usually subjected to a typical shape memory cycle called programming and recovery.



To evaluate influences of SiO2 contents on shape memory effects of SMPU, the prepared pure SMPU and SiO2/SMPU specimens which were first machined into dog bone fixed on the fixture separately, and then placed in a heating chamber without any loading. Meanwhile, the chamber was heated to Ttrans and held for 20 min to make the temperature distribute uniformly in the sample.



On this basis, the sample was taken out after programming for 2 h, and cooled to room temperature. A continuous load is required during the entire process of programming and cooling, then the load was removed and put the sample at room temperature for 24 h.



Finally, the sample stood for 24 h was put back without any loading in the chamber from the room temperature to Ttrans to recovery for two hours. The pre-strain of programmed specimen reached 25%, and the shape fixity ratio (Rf) and shape recovery ratio (Rr) were calculated to evaluate shape memory effects, which were expressed as follows.


Rf = (l2 − l0)/(l1 − l0) × 100%



(1)






Rr = (l2 − l3)/(l2 − l0) × 100%



(2)




where, l0, l1, l2 and l3 are the tagged middle lengths of original, programmed with loading at room temperature, programmed without loading at room temperature and recovered specimens, respectively.




2.2.3. SEM Observation


Morphology changes of original, programmed and recovered SiO2/SMPU samples were characterized using FESEM (JSM-7600F, JEOL, Tokyo, Japan), respectively. Samples were first fixed on an aluminum stub and sputtered with gold under vacuum conditions. The 10 mm × 10 mm × 10 mm cross-sections samples cut from the pure SMPU and SiO2/SMPU specimens in different states were first fixed on an aluminum stub and further sputtered with gold under vacuum conditions. Then, the sample chamber was opened to place samples. Finally, the morphologies of the samples were observed using FESEM.




2.2.4. FTIR Test


To study the changes of molecular segments during a five-step thermodynamic cycle, FTIR tests were conducted on the original, programmed and recovered SiO2/SMPU samples, respectively. The sample was prepared by KBr tableting method, and a small amount of KBr crystal was thoroughly ground using an agate mortar. Then, the tested solid sample was added by 5%, and mixed until the mixture was uniform. Finally, the powder was transferred to a metal mold, and placed in a hydraulic press for tableting, and then FTIR tests were performed.




2.2.5. Dynamic Infrared Dichroism Test


To further verify the changes in molecular orientation degree of prepared SiO2/SMPU nanocomposite in the original, programmed and recovered states, respectively, Fourier transform infrared spectrometer (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA,) was used to perform dynamic infrared dichroism tests. The spectral resolution was 4 cm–1, and each spectral line was the average of 32 scanning values. SiO2/SMPU samples were ground to light permeation, respectively. The orientation function value (f) of the particular represented bond was calculated according to the following Equation (3) to further quantitatively analyze shape memory property of SiO2/SMPU nanocomposite [23].


f = (R − 1)/(R + 2) × (2/(3cos2α − 1)



(3)




where, f was orientation function, α was the angle between the direction in oscillating transition moment and molecular chain, and R was the dichroic ratio of measured particular absorption band, and its value was calculated based on Equation (4).


R = (A∥)/(A⊥)



(4)




where, A∥ and A⊥ represented the infrared spectrum absorption intensities which were parallel and perpendicular to the stretching direction of SiO2/SMPU specimen during the programming, respectively.






3. Results and Discussion


3.1. Thermal Behaviors


In order to be able to study the effects of programming and the addition of the SiO2 particle to the thermodynamic properties of the specimens, and to determine the Ttrans of the SiO2/SMPU composite for further discussion of its shape memory effect, the pure SMPU and SiO2/SMPU composite before and after programming were both tested by DSC. The results are shown in Figure 3.



It can be deduced from Figure 3 that the samples of pure SMPU and SiO2/SMPU composites from before and after programming tend to have no obvious step-shape curve, it is difficult to confirm the Tg of the specimens. However, there are obvious endothermic peaks near 60 °C, which indicate the melting temperature of the soft segments (TMs). Because the SMPU is a kind of typical microphase separation structure polymer [18], when the temperature is lower than its TMs, the molecular kinergety of soft phase in SMPU is too low to overcome the rotation barriers within the main chains [24]; therefore, the motion of chain segments does not occur. In addition, with the exception of the pure SMPU sample after programming, there are different degrees of exothermic peaks at TDm (around 72.9 °C), which can be seen as a phase separation temperature which short hard segments segregate from the mixed phase and aggregate into the micro-hard phase [25]. As the temperature rises to the melting point of hard segments (TMh), which shown obvious endothermic peaks near 164.5 °C, the specimens gradually fail to maintain its morphology, it is indicated that the soft segments provide elastomeric features, whereas the hard segments act as reinforcing components and provide dimensional stability [26].



Compared to the pure SMPU and SiO2/SMPU composites, the Tms shift to the left with the SiO2 particles adding, this is due to the fact that the addition of SiO2 affects the symmetry of the soft segment molecular chain, and the hydrogen bonds forming with the soft segment increase the binding force among the soft segments [27]. As crystallinity decreases, the Tms both decreases, Simultaneously, the exothermic peak area of the SiO2/SMPU composite is slightly larger than pure SMPU, which is due to the added SiO2 particles form hydrogen bonding with the soft segment, and with some hard segments, in order for some short hard segment molecular chains to be pulled by hydrogen bonds and separated from the mixed phase [28]. However, the hard segment acts as a stationary phase—some ordered long molecular segments are not susceptible to SiO2, so that the peak end of the melting endotherm of the hard segment does not move.



When the programming is performed at a temperature higher than that which corresponds with the exothermic peak of 72.9 °C, the hydrogen bonds between the soft and hard segments are reduced during the heating process as a result. Without the strong restriction of the hard segments, the soft segments can possess greater agility and lower stiffness [28], and that leads to programming at around 72.9 °C being better to extend the soft segment along the stretching direction. This can be seen from the comparison between the pure SMPU and the composite material in Figure 3, both before and after programming. As a result, 72.9 °C can be seen as the Ttrans.



Based on the premise that the TMh are almost constant, the TMs shifts slightly to the left, and at the same time, the exothermic peak which represents the phase separation movement gradually disappears. Compared with the pure SMPU and the composite material after programming, it can be observed that due to the addition of SiO2 particles, the microphase separation of the material is hindered, which means that the soft segment cannot be completely distorted and requires further verification by the shape memory effect.




3.2. Shape Memory Effect


Figure 4 shows the comparison photographs of original, programmed and recovered pure SMPU and SiO2/SMPU specimens, respectively. Test results of specimen lengths, calculated Rf and Rr of pure SMPU and SiO2/SMPU nanocomposite are summarized in Table 1.



It is seen from Figure 4 and Table 1 that programmed SMPU and SiO2/SMPU specimens are elongated in the stretching direction. Then, when the temperature is raised to Ttrans °C and maintained for 30 min, the two specimens are almost restored to their original lengths after the free recovery process. This is because the elastic strain energy is prestored in the programmed SMPU and SiO2/SMPU specimens during the programming, thus providing a driving force for the thermally induced SMPU and SiO2/SMPU specimens to restore to their original shapes.



As shown in Table 1, the average values of Rf and Rr of SMPU are 100%; however, the average values of Rf and Rr of SiO2/SMPU nanocomposite are 98.15% and 97.31%, respectively, which are slightly less than 100%. The reason for this is that the mixture and microphase separation are directly affected by the crystallization of pure SMPU matrix. However, the addition of SiO2 nanoparticles lowers the orderliness of microcrystals and paracrystals in SMPU. Crystal imperfections are increased to slightly lower the shape memory effect of SiO2/SMPU nanocomposite [29]. Another reason is that the movements of molecular segments and SiO2 nanoparticles cause the damages and deformation of formed stable network in SMPU during the programming and recovery. However, the prepared SiO2/SMPU nanocomposite still shows an excellent shape memory performance.




3.3. Microstructure Changes


In order to discuss the distribution of SiO2 nanoparticles and the microstructure differences among original, programmed and recovered SiO2/SMPU nanocomposites, the Figure 5 shows the SEM images of original pure SMPU, original, programmed and recovered SiO2/SMPU nanocomposites.



The microstructure of the pure SMPU and SiO2/SMPU nano composite can be found in Figure 5a,b, indicating that SiO2 nanoparticles is more evenly distributed in the two-phase structure of SMPU. Further compared between Figure 5b,c, the different size SiO2 nanoparticles are distributed at the specimen surface where some of the protrusions are present. These apparent protrusions are due to the aggregation of soft segments and hard segments to form respectively their own microdomains, indicating that SiO2/SMPU shows crystallization [30]. The SiO2 nanoparticles with different sizes also indicate that the appropriate filling amount can be formed by electrostatic or van der Waals force to form a moderately sized particle size, thereby effectively filling part of the pores formed during the SMPU reaction. [31]



As shown in Figure 5d, the programmed SiO2/SMPU sample has been subjected to unidirectional horizontal stretching at Ttrans °C, and molecular segments are oriented along the stretching direction. The molecular chain length is increased under the influence of micro-Brown motion. Some step-like pleats are seen on the surface of programmed SiO2/SMPU. This is because there are obvious differences in the modulus between soft and hard segments, and their borne loads are different. Additionally, it is worth noting that some segments are damaged, suggesting that there are microscopic losses during the five-step thermodynamic cycle.



From Figure 5e, the step-like pleats caused by the programming are almost not found on the surface of recovered SiO2/SMPU sample. This is because molecular chains in soft segments are restored to original curled states after experiencing a free recovery process at Ttrans °C. As a result, the step-like pleats on SiO2/SMPU sample disappear.




3.4. Interactions among Microphase Structures


To further discuss the interaction among microphase structures of SiO2/SMPU nanocomposite during a five-step thermodynamic cycle (see Figure 2), FTIR tests are conducted on original, programmed and recovered SiO2/SMPU samples, respectively, characterizing the changes in hydrogen bond and interaction among microphase structures. Consequently, the influence of SiO2 nanoparticles on the shape memory performance of SMPU during a five-step thermodynamic cycle is discussed.



3.4.1. Characteristic Functional Groups in Soft and Hard Segments


Figure 6 shows FTIR spectra of original, programmed and recovered SiO2/SMPU samples, respectively.



As shown in Figure 6, the characteristic absorption peaks of original, programmed and recovered SiO2/SMPU samples are similar, indicating no new chemical compositions are generated during a five-step thermodynamic cycle [32]. Among them, it is found from Figure 6) that the absorption peak at 1725 cm−1 is attributed to the stretching vibration of C=O in the freely vibrating amide. However, the relatively weak stretching vibration peaks of hydrogen-bonded C=O in the amide appear at 1709 and 1702 cm−1. This is because hydrogen bonds are formed owing to the conjugation of lone-pair electrons on N atoms to some C=O groups [33,34].



At the same time, the absorption peaks at 670 and 1100 cm−1 are due to the out-of-plane deformation vibration of –NH and the stretching vibration of C–O, respectively. A relatively strong stretching vibration peak of –NH appears at around 3338 cm−1. This indicates that original SiO2/SMPU sample includes –CO–NH and –NH–CO–O–, which are typical functional groups of SMPU.



Additionally, the characteristic absorption peaks at 2943 and 1597 cm−1 are ascribe to the stretching vibration of –CH2 and C=C on the benzene rings [35]. The –NCO group in molecular structure of TDI is not symmetrical, and the activity of 2–NCO and 4–NCO is different, and 4-NCO may be reacted to form a high molecular weight segment, covering on 2–NCO [21]. However, no stretching vibration peaks of –N=C=O groups appear at 2250–2275 cm−1, suggesting that SMPU is successfully synthesized and the reaction is fully completed [21]. Additionally, the absorption peaks at 799 and 1093 cm−1 are attributed to the symmetric stretching vibration of Si–O and the anti-symmetric stretching peak of Si–O–Si, respectively.



As shown in Figure 6, FTIR changes of original, programmed and recovered SiO2/SMPU samples are not obvious, in which the characteristic absorption peak of programmed sample is the weakest. The reasons for this are that prepared SMPU matrix is foamed material with a lot of pore structures. SiO2 nanoparticles are filled in the pores, and well wrapped by SMPU matrix so that it is difficult to detect and show obvious characteristic absorption peaks of SiO2 nanoparticles. In particular, molecular chains in soft segments are oriented after the programming process of SiO2/SMPU.



During the movement of reversible soft segments, since some SiO2 nanoparticles are physically entangled with soft segments, SiO2 nanoparticles are also moved to further fill in the pores which have not been completely filled during the preparation of SiO2/SMPU nanocomposite. Therefore, the above SiO2 nanoparticles are further wrapped by SMPU matrix. This indicates that SiO2 nanoparticles are more uniformly dispersed and encapsulated in the programmed SiO2/SMPU.



To further characterize orientation changes of soft and hard segments in original, programmed and recovered SiO2/SMPU samples, respectively, characteristic absorption peak changes of hydrogen bonds of amide group (–HNCO–) on FTIR spectra are discussed as shown in Figure 7.



It is observed from Figure 7 that although FTIR spectra of original, programmed and recovered SiO2/SMPU samples are basically similar, the intensities of stretching vibration peaks at 1645 and 1638 cm−1 become weaker, and two new stretching vibration peaks at 1636 and 1629 cm−1 appear on FTIR spectra of programmed SiO2/SMPU sample.



Among them, the absorption peaks at 1645 and 1636 cm−1 are assigned to the short-range disordered and long-range disordered hydrogen bonds between soft and hard segments, respectively [33]. However, the absorption peaks at 1638 and 1629 cm−1 are attributed to the orderly hydrogen bonds in hard segments of SMPU [34]. The possible reason is the orderliness of molecular segments is improved during the uniaxial tension programming of SiO2/SMPU specimen, thereby increasing the number of hydrogen bonds, and changing synchronously the hydrogen bond type [35].



As shown in Figure 7, the two new stretching vibration peaks at 1636 and 1629 cm−1 almost disappear on FTIR spectra of recovered SiO2/SMPU, while the intensities of stretching vibration peaks at 1645 and 1638 cm−1 are higher than that of programmed SiO2/SMPU, but lower than that of original SiO2/SMPU. This is due to the fact that orientated molecular segments are restored to freely curled states during the recovery of SiO2/SMPU nanocomposite. Thus C=O groups are restored to free state because of some hydrogen bond cleavages, leading to the increase in stretching vibration peak intensity of C=O in the freely vibrating amide at 1680 cm−1 [36].




3.4.2. Hydrogen Bond Changes


To further study the relationship among intermolecular or intramolecular hydrogen bonds of characteristic functional groups, the hydrogen bond changes of characteristic functional groups in hard segments are discussed according to FTIR spectra of SiO2/SMPU samples. Figure 8 shows hydrogen bond types in SiO2/SMPU nanocomposite [37].



It is seen from Figure 8 that there are three proton donors in SiO2/SMPU nanocomposite system, including N–H in urethane, –OH in SiO2 and –OH in PBAG, respectively, as well as two proton acceptors, namely C=O in urethane and C=O in 1,4-butanediol ester [38]. The urethano exists mainly at the phase interface between soft and hard segments, and the hydrogen bond among urethane groups provide the morphological change of phase interface region [39].



The stretching vibration regions of urethane N–H and C=O groups are commonly used to analyze the nature of the formed hydrogen bonds [40]. The hydrogen bond indices of the N–H (RN–H) and C=O (RC =O) groups in the SMPU are calculated using Equations (5) and (6). Table 2 shows the results of hydrogen-bonding indexes of N–H and C=O functional groups in SMPU at different tensile strain levels during the programming of SiO2/SMPU [41].


RN–H = A3338/A2943



(5)






RC=O = A1709/A1725



(6)




where, A is the absorbance of characteristic band.



As shown in Table 2, as the stretching strain is increased from 0% to 25%, RN-H of programmed SiO2/SMPU is decreased, while RC=O is increased when compared with that of original SiO2/SMPU. The reason for this is, on the one hand, some new hydrogen bonds are formed between SiO2 nanoparticle and molecular chain segments as soft segments are stretched during the programming of SiO2/SMPU.



On the other hand, some urethane segments, which are dispersed in the curled soft segments of original SiO2/SMPU and don’t participate in the formation of hydrogen bonds, are orderly rearranged as the stretching strain is increased during the programming of SiO2/SMPU. Therefore, these urethane segments are combined with hard segments to form hydrogen bonds, entering into hard segments and bringing ordered structures in hard segments [42].



At the same time, some hydrogen bonds formed by –NH groups in urea and C=O groups in PBAG are reduced. This is because some original hydrogen bonds are broken as molecular chains move during the orderly rearrangement of soft segments from naturally curled state to ordered structure along the stretching direction. However, the hydrogen bonds between –NH and C=O groups of amides in hard segments are increased. This is due to the fact that –NH groups move toward hard segments and combine with free-vibrating C=O groups of amides in hard segments to form hydrogen bonds as the stretching strain is increased [43].



Thus, the total number change of hydrogen bond in –NH group is not obvious, but the total number of hydrogen bonds of C=O groups in hard segments is increased. As the hydrogen bond interaction among hard segments is enhanced, it is more conducive to the separation of microphase structure, thus effectively optimizing its mechanical properties [44]. The characteristic absorption peak of –NH group is not changed obviously in the three states of SiO2/SMPU nanocomposite, while the stretching vibration peaks of hydrogen-bonded C=O groups in the amide move towards to lower wavenumber at 1645 and 1638 cm−1 as the hydrogen bond number is changed. These are consistent with the test results of FTIR.





3.5. Molecular Orientation Changes during a Shape Memory Cycle


To further discuss the shape memory mechanism of SiO2/SMPU nanocomposite during a five-step thermodynamic cycle (see Figure 2), Fourier infrared dichroism tests are conducted to better understand the molecular orientation changes of original, programmed and recovered SiO2/SMPU samples, respectively. Figure 9 presents Fourier infrared polarized spectra of original, programmed and recovered SiO2/SMPU samples.



It is known from Figure 6 that the absorption peak at 2943 cm−1 is due to the presence of -CH2 group in soft segments, thus which is selected to characterize the molecular orientation changes of soft segments in SiO2/SMPU sample [45]. The absorption peaks at 1645 and 1680 cm−1 are attributed to the existence of hydrogen-bonding -CONH- group at the amide interface and -CONH- group in hard segments, respectively, which also selected to characterize the molecular orientation changes on the interface between soft and hard segments [46]. Finally, the absorption peak at 3338 cm−1 is owing to the appearance of –NH group in hard segments, thus which is selected to show the molecular orientation changes of hard segments in SiO2/SMPU sample.



It is observed from Figure 9 that the characteristic absorption peak intensity of programmed SiO2/SMPU sample is higher than those of original and recovered SiO2/SMPU samples. This is because the molecular chains are stretched from naturally curled state during the programming so that they are elongated. SiO2 nanoparticles are moved along with molecular chains to fill the pores in SMPU matrix, which are wrapped by SMPU to increase the specific surface area of porous SMPU. Therefore, the molecules in SMPU which absorb infrared radiation are increased, leading to the energy level transition due to stronger molecular vibration and rotation [47].



As shown in Figure 9a, there are no differences between A∥ and A⊥ of the above characteristic absorption peaks of original SiO2/SMPU although SMPU is a typical two-phase structure, indicating the original SiO2/SMPU sample shows obvious isotropy, and no orientation occurs in SiO2/SMPU. The hard segment acts as a stationary phase, and the molecular chain of soft segment is fixed. The molecular chain of soft segment is naturally curled around hard segment, showing a disorderly arrangement like a tassel shape.



However, it is noted from Figure 9b that A∥ of the above characteristic absorption peaks of hard and soft phases are obviously higher than A⊥ of programmed SiO2/SMPU nanocomposite. This indicates that SiO2/SMPU shows obvious anisotropy. The reason is that molecular chains of soft segment in SMPU are oriented from naturally curled state along the stretching direction during the programming. Although soft segment, as a reversible phase, does not reach the fully oriented state, it is still changed from the disordered arrangement to the long straight molecular chain morphology, reflecting its anisotropy.



From Figure 9c, it is found that A∥ and A⊥ of the above characteristic absorption peaks of recovered SiO2/SMPU are very close, indicating the programmed SiO2/SMPU is almost restored to the isotropic original state after the free recovery. For example, the characteristic peak absorption intensity of soft segment at 2943 cm−1 is basically unchanged, but the characteristic peak absorption intensities at 1645 and 1680 cm−1 of hard segments are somewhat different. Further, it is also noted from Figure 9a, c that A∥ and A⊥ of the above characteristic absorption peaks of recovered SiO2/SMPU nanocomposite are slightly higher those of original sample, suggesting the programmed SiO2/SMPU sample is not completely restored to the original state.



The possible reasons are that SiO2 nanoparticles and hard phase change their orientations along with the stretching of reversible phase during the programming. As a result, partial hydrogen bonds between hard and soft segments are broken, and some crystal structures are damaged under the action of micro-Brownian motion. Therefore, the programmed SiO2/SMPU sample does not completely restored to its original shape.



To further quantitatively discuss the orientation of main molecular chains, such characteristic absorption peaks at 1645, 1680, 2943 and 3338 cm−1 are selected to discuss molecular orientation behaviors of original, programmed and recovered SiO2/SMPU samples, respectively [48]. The orientation function values of f (1680), f (1645), f (3338) and f (2943) at above characteristic absorption peaks are calculated as shown in Figure 10.



As shown in Figure 10a, such orientation function values as f (1680), f (1645), f (3338) and f (2943) at above characteristic absorption peaks of original SiO2/SMPU sample are all slightly less than zero. This indicates that some molecular chains of SMPU are perpendicular to the stretching direction at a micro level [49]. It is due to the uniform dispersion of SiO2 nanoparticles in SMPU matrix, forming an interfacial region together with soft and hard segments. The –OH groups of SiO2 nanoparticles are combined with C=O groups in soft and hard segments to form hydrogen bonds. Therefore, this causes the ordered arrangement of some molecular chains in the original SiO2/SMPU sample.



From Figure 10a, as the stretching strain is increased from 0% to 25%, the changing trends of f values at all selected characteristic absorption peaks of original, programmed and recovered SiO2/SMPU samples are different. Among them, the f (2943) value is increased obviously to 0.11 when the stretching strain reaches 25% which is higher than those at other characteristic absorption peaks. This suggests that more obvious orientation occurs in soft segments.



The reasons for this are that the rigidity of hard segment is increased due to the addition of SiO2 nanoparticles. This hinders the entanglement between some soft and hard segments, and inhibits the movements of hard segments along the stretching direction during the programming of SiO2/SMPU specimen [50]. Thus, the orientation degree of hard segment is significantly lower than that of soft segments, indicating that soft segment is easier to be oriented than hard segment during the programming.



The orientation behavior of hard segments is relatively complicated due to the addition of SiO2 nanoparticles. The f (1645) and f (1680) values are increased with the increase in stretching strain during the programming. This suggests that molecular chains of C=O groups in hard segments are oriented along the stretching direction. This is due to the fact that hydrogen bonds are formed among C=O groups in hard segments, molecular chains in soft segments and SiO2 nanoparticles. Thus, molecular chains in hard segments tend to rearrangement as molecular chains of soft segments and SiO2 nanoparticles are moved along the stretching direction.



It is also seen from Figure 10a that f (3338) value is a negative and its absolute value becomes larger as the stretching strain is increased from 0% to 10%. The possible reason is that molecular chains in soft segments which wrap around N–H molecular chains are orderly rearranged along the stretching direction so that partial hydrogen bonds between molecular chains in soft segments and N–H molecular chains in hard segments are broken [51]. However, N–H molecular chains are still perpendicular to the stretching direction due to its stability, leading to the increase in f (3338) absolute value.



Further, some new hydrogen bonds are formed between molecular chains of N–H and C=O groups in hard segments when the stretching strain is increased from 10% to 25%. As a result, N–H molecular chains are also oriented along the stretching direction as C=O molecular chains in hard segments are orderly rearranged [52]. These results of f values are consistent with the changes of hydrogen bond indexes of RN–H and RC=O in Table 2. This indicates that molecular chains are oriented during the programming, and some new hydrogen bonds are formed, causing the microphase separation in SMPU to change [53].



As shown in Figure 10b, it is seen that f (2943) value of soft segment in recovered SiO2/SMPU nanocomposite is almost the same with those of original sample. However, f (1645), f (1680) and f (3338) values of hard segments in recovered SiO2/SMPU nanocomposite are slightly larger than those of original SiO2/SMPU sample.



This is due to the fact that hard segment is regularly arranged to form microcrystalline or para crystalline structures [54]. When SiO2/SMPU specimen is stretched to the strain of 25% during the programming, SiO2 nanoparticles are filled in the pores of porous SMPU along with the movement of hard segment to simultaneously extrude some lamella crystals. This facilitates lamella crystals to be oriented along the stretching direction and partial lamella crystals are damaged at the same time so that programmed SiO2/SMPU specimen is not completely restored to its original shape. Therefore, this also explains the reason why Rf and Rr cannot reach 100% at a microscopic level as shown in Table 1.





4. Conclusions


In this study, SiO2/SMPU nanocomposite is prepared, and its thermal behaviors and shape memory performance are characterized. Changes in microstructure, interaction among microphase structures, and molecular orientation of SiO2/SMPU are discussed during a five-step thermodynamic cycle. Main conclusions are obtained as follows.




	
The phase separation temperature (72.9 °C) is regarded as the best shape memory switching temperature of prepared SiO2/SMPU nanocomposite, which matches the highest working temperature of expansion joints on concrete pavement in China.



	
The SiO2 nano particles with an average size of about 70–180 nm could be well dispersed in SMPU matrix and the addition of SiO2 nano particles has quite small influence on the thermal behavior and microstructure of SMPU.



	
The shape memory performance of SMPU is affected by SiO2 nano particles, in the one shape memory cycle, the average values of Rf and Rr of SiO2/SMPU are 98.2% and 97.3%, respectively, showing excellent shape memory effect although crystal imperfections are increased due to the addition of SiO2 nanoparticles.



	
The peculiar orientation behaviors of SiO2/SMPU nanocomposite in shape memory process could be ascribed to the interactions between SiO2 nano particles and segments of SMPU. In programming process, the hard and soft segments at the surface have a perpendicular direction at the small strain, and then possess a parallel orientation at higher deformation.



	
Calculation results of orientation functions suggest that the tensile programming leads to the molecular orientation in SiO2/SMPU nanocomposite, showing obvious anisotropy. The programmed specimen is not completely recovered to the original shape because partial hydrogen bonds between hard and soft segments are broken, and some crystal structures are also damaged.








For the next phase, based on the influence of SiO2 nano particles on shape memory performance, further study of mechanical properties such as durability will be considered, and multiple shape memory programming of SiO2/SMPU nanocomposite will be carried out in combination with actual application scenarios and the optimization of materials to have better self-healing properties.
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Figure 1. Schematic diagram of chemical structures of molecular segments in SiO2/SMPU nanocomposite. 
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Figure 2. Schematic diagram of a five-step thermodynamic cycle for programming and recovery of SiO2/SMPU nanocomposite. (The red dotted line completes the shape memory cycle along the blue arrow, the starting point (light blue symbol) is heated to 80 (green symbol), loaded to 25% respectively (yellow, grass green and dark blue indicate different loading stresses), purple symbol means cooling to room temperature, and dark red means room temperature unloading load). 
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Figure 3. DSC thermograms of SMPU (sample 1), programmed SMPU (sample 2), SiO2/SMPU (sample 3) and programmed SiO2/SMPU (sample 4). 
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Figure 4. Length comparison among original, programmed and recovered specimens of (a) pure SMPU and (b) SiO2/SMPU nanocomposite. 






Figure 4. Length comparison among original, programmed and recovered specimens of (a) pure SMPU and (b) SiO2/SMPU nanocomposite.



[image: Polymers 14 03336 g004]







[image: Polymers 14 03336 g005 550] 





Figure 5. SEM images of (a) pure SMPU, (b) SiO2/SMPU, original (c), programmed (d) and recovered (e) SiO2/SMPU nanocomposites. 
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Figure 6. FTIR spectra of original, programmed and recovered SiO2/SMPU nanocomposites. 
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Figure 7. Characteristic absorption peaks of hydrogen bonds on FTIR spectra of original, programmed and recovered SiO2/SMPU samples. 
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Figure 8. Hydrogen bond types in SiO2/SMPU nanocomposite. 
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Figure 9. Fourier infrared polarized spectra of (a) original, (b) programmed and (c) recovered SiO2/SMPU samples. 
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Figure 10. Orientation function value changes at characteristic absorption peaks of SiO2/SMPU samples during the (a) programming and (b) recovery. 
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Table 1. Test results of pure SMPU and SiO2/SMPU specimen lengths in the programming and free recovery process and calculated results of Rf and Rr.
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Sample

	
l0 (mm)

	
l1 (mm)

	
l2 (mm)

	
l3 (mm)

	
Rf (%)

	
Rr (%)






	
SMPU

	
44.00

	
55.00

	
55.00

	
44.00

	
100

	
100




	
44.00

	
55.02

	
55.02

	
44.00

	
100

	
100




	
44.00

	
55.00

	
55.00

	
44.00

	
100

	
100




	
SiO2/SMPU

	
44.00

	
55.03

	
54.83

	
44.31

	
98.18

	
97.14




	
44.00

	
54.99

	
54.80

	
44.29

	
98.18

	
97.29




	
44.00

	
54.98

	
54.76

	
44.27

	
98.09

	
97.49
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Table 2. Hydrogen-bonding indexes of N-H and C=O functional groups in SMPU at different tensile strain levels during the programming.
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	Stretching Strains
	0%
	5%
	10%
	15%
	20%
	25%





	RN-H
	0.42
	0.42
	0.41
	0.39
	0.38
	0.38



	RC=O
	1.12
	1.13
	1.16
	1.19
	1.23
	1.28
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