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Abstract:



The objective of this investigation is to prepare the shape memory hydrogenated epoxy resin used for asphalt mixtures (SM-HEP-AM) and study its properties. The shape memory hydrogenated epoxy resin (SM-HEP) is prepared using hydrogenated bisphenol A epoxy resin (AL-3040), polypropylene glycol diglycidylether diacrylate (JH-230), and isophorone diamine (IPDA). The formulations of the SM-HEP-AM are obtained by the linearly fitted method. The thermo-mechanical property, molecular structure, and shape-memory performance of the SM-HEP-AM are studied. The glass-transition temperature (Tg) is determined using the differential scanning calorimeter (DSC). The results proved that the Tg level increased when the JH-230 content decreased. The thermo-mechanical property of the SM-HEP-AM is measured by dynamical mechanical analysis (DMA). The storage modulus of the SM-HEP-AM decreased with the increase in the JH-230 content. The above phenomena are attributed to the change in the JH-230 content. The shape memory performance results of the SM-HEP-AM indicate that specimen deformation can completely recover after only several minutes at Tg + 10 °C and Tg + 20 °C. The shape recovery time of the SM-HEP-AM increases with increased JH-230 content, and the change between the shape recovery time and JH-230 content gradually decreased as the temperature increased. The deformation recovery performance of asphalt mixture with and without the SM-HEP-AM (Tg = 40 °C) was tested by the deformation recovery test. This was used to prove that the SM-HEP-AM helps to improve the deformation recovery performance of the asphalt mixture.
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1. Introduction


Rutting caused by heavy loads at a high temperature is one of the typical distresses in asphalt pavements. Rutting has an important influence on the performance of asphalt pavements during their life period [1]. When the vehicle load is applied to the asphalt pavement surface at high temperatures, deformation of the asphalt mixture will occur. Because the asphalt mixture is one kind of self-healing material, the deformation can partially recover once the load is removed. Since the primary self-healing principle of asphalt mixture is the capillary flow of the bitumen through the cracks at high temperatures, the self-healing process of asphalt mixture is a very slow process and the cracks may need a long time to completely self-heal [2]. Furthermore, in practice, the asphalt pavements undergo continual vehicle loads, and the cracks of asphalt mixture are impossible to completely self-heal [3]. Meanwhile, there are still variable amounts of irreversible deformation that remain in the asphalt mixture, which will result in a very small permanent residual strain. The accumulation of millions of permanent residual strains occurs due to repeat vehicle loadings and results in the rutting of asphalt pavements [4,5,6,7].



Several researchers have studied effective measurements for reducing the influence of rutting on the asphalt pavement performance. Kumar et al. [8] studied the rutting behavior of a base layer reinforced with geocell and found that geocell reinforcement is effective in reducing the rutting and improving the performance of the unsurfaced rural pavements. Sun [9] studied the effective prediction method of rutting on the asphalt pavement. Shafabakhsh et al. [10] found that the rutting resistance of a Nano TiO2/SiO2 modified asphalt mixture had been improved. Ziari et al. [11] studied the influence of the nanotechnology, zycosoil, on rutting resistance and found that the asphalt modified with nanotechnology zyco-soil displayed a remarkably good performance. Though these measurements have improved the rutting resistance of asphalt pavements, the process is almost passive. The main objective of this research is to find an approach that can actively adjust the asphalt pavement recoverability. Therefore, the rutting resistance of asphalt pavements may be improved.



Shape-memory polymers (SMPs) are smart polymers that can assume a temporary shape and then recover to their original shape upon the action of an external stimulus, such as temperature (set by direct or indirect ways), an electric field, or moisture [12,13]. The SMPs have the advantages of an excellent process-ability, low recovery temperature, and high elastic deformation compared with the other shape-memory materials. Therefore, SMPs have been widely applied to the fields of textiles, biomedicines, and aerospace deployable structures [14]. Some researchers have used SMPs to make the actuator of the space deployable structure, including an expandable hinge [15], deployable antennas [16], solar arrays, switchable information carriers [17], encoded information [18], etc. The biodegradable SMP was used by Strandman et al. [19] to prepare surgical sutures. This is due to their good shape memory performance, excellent stiffness, and environmental durability.



The preferred thermoset SMPs stimulated by temperature are based on epoxy resins. The segments between the cross-links adapt to the external load via conformational rearrangements during the process of setting the temporary shape. The strain energy, stored in the above way, is released when the material is unloaded and heated above its Tg when the permanent shape is restored [20]. Fritzsche et al. [21] stated that phase-segregated poly (ester urethane) with crystallizable switching segments of poly(1,4-butylene adipate) excels as a high-performance temperature-memory polymer. Bothe et al. [22] studied how to teach a thermoplastic polyurethane elastomer a completely stress-free, bidirectional motion. The epoxy resins are selected for their favorable properties, such as their high stiffness in both glassy and rubbery stages, and high shape memory performance. Even more important, the formulations of the shape-memory epoxy resin can be easily changed to meet the different requirements of given applications [23,24,25,26].



Previous studies on the application of the thermoset SMPs have mainly focused on the biomedical, aerospace, and textile fields. There are still no observations on applying the thermoset SMPs to the asphalt mixture. Therefore, with the aim of improving the rutting resistance of asphalt pavements, a novel shape-memory hydrogenated epoxy resin (SM-HEP) was prepared using the hydrobisphenol A epoxy resin, polypropylene glycol diglycidyl ether (JH-230), and isophorone diamine. Furthermore, asphalt mixture mixed with the SM-HEP would have a much longer life-cycle compared to the matrix asphalt mixture, thus reducing the estimated cost of the asphalt mixed with the SM-HEP. The Tg can be actively changed by adjusting the epoxy resin/flexibilizer stoichiometric ratio [20]. The cross-link density, chain flexibility, and aggregation state of the SM-HEP-AM network can be controlled by adjusting the JH-230 content. The preparation and characterization of the SM-HEP-AM were studied in this paper. The corresponding preparation process, thermal property, glass-transition temperature (Tg), molecular structure, dynamic mechanical property, and shape-memory performance were investigated in detail. More specially, the influences of the epoxy resin/flexibilizer stoichiometric ratio on the properties of SM-HEP were studied.




2. Materials and Methods


2.1. Materials


The epoxy resin in this study is hydrogenated bisphenol A epoxy resin (AL-3040) with an epoxy value of 0.43 eq/100 g. The flexibilizer is polypropylene glycol diglycidyl ether (JH-230) with an average molecular weight of 2500 g/mol, viscosity at 25 °C of 425 mPas, and density of 0.925 g/cm3. The epoxy resin and flexibilizer in this study were both manufactured by Yantai Aolifu Chemical Industry Co., Ltd. (Yantai, China). The isophorone diamine (IPDA) with a 170.3 g/mol average molecular weight was used as a curing agent, which was purchased from Hubei Giant Technology Co., Ltd. (Hubei, China). The chemical structures of these materials are shown in Figure 1.


Figure 1. The chemical structures of the AL-3040, JH-230, and IPDA: (a) hydrobisphenol A epoxy resin (AL-3040); (b) polypropylene glycol diglycidyl ether (JH-230); and (c) isophorone diamine (IPDA).



[image: Applsci 07 00523 g001]







2.2. Preparation of the Shape Memory Hydrogenated Epoxy Resin (SM-HEP)


The SM-HEP consists of the hydrobisphenol A epoxy resin (AL-3040), polypropylene glycol diglycidyl ether (JH-230), and curing agent, i.e., the isophorone diamine (IPDA) in certain proportions, which were mixed at 60 °C and placed into a beaker to blend. Then, the prepolymer solution was degassed at 60 °C in a vacuum oven to obtain a bubble-free prepolymer. After degassing, the prepolymer solution was then placed into the polytetrafluoroethylene mold. A thermal curing program was performed at 120 °C for four hours. During the thermal curing program, the flexible groups in the JH-230 were introduced into the network structure of the AL-3040, and the active hydrogen of IPDA completely reacted with the epoxy group in the AL-3040. After the curing process, the SM-HEP specimens were demolded for the tensile-recovery shape memory test and cut into rectangular shapes for dynamic mechanical analysis (DMA). The glass-transition temperature (Tg) of the SM-HEP can be actively controlled by adjusting the epoxy resin/flexibilizer stoichiometric ratio [20].



To prepare the SM-HEP with an appropriate level of Tg for the asphalt mixture (SM-HEP-AM), the SM-HEP with an epoxy resin/flexibilizer stoichiometric ratio between 0.90:0.10–0.98:0.02 was firstly synthesized. Then, the differential scanning calorimeter (DSC) (NETZSCH Instruments, Bremen, Germany) was used to measure the SM-HEP Tg, and the relationship between the Tg and JH-230 content was fitted by the linear fitting method. According to the fitted equation, an appropriate JH-230 content with the required Tg could be back-calculated. Finally, the formulations of SM-HEP-AM were obtained by the repeated fitting-back-calculation process.




2.3. Preparation of the Asphalt Mixture Mixed with the Shape Memory Hydrogenated Epoxy Resin (SM-HEP)


Firstly, the aggregate and mineral powders were heated in an oven at 170 °C for four hours. Secondly, the asphalt was heated until it completely melted, the asphalt with a mass ratio of 6% was then added to the heated aggregate, and the mixture was stirred at 180 °C for 90 s in an asphaltmischer. Thirdly, the mineral powder with a mass ratio of 6% was added to the asphalt mixture and the mixture was stirred at 180 °C for 90 s in an asphaltmischer. Then, the SM-HEP (specimen JH-230-0.0796) with a mass ratio of 1% was added to the asphalt mixture following the same method. Finally, the asphalt mixture rutting test (T0719-2011) [27] was used to prepare samples for the deformation recovery performance.




2.4. Test Methods


2.4.1. Differential Scanning Calorimeter (DSC)


The glass-transition temperature (Tg) of the shape memory hydrogenated epoxy resin used for the asphalt mixtures was measured on a 200F3 NETZSCH Instrument. The specimens were heated from −40 to 140 °C in the protective atmosphere of N2 with a heating rate of 10 °C/min. The specimens were milled as powder and their weights ranged from 9 to 12 mg. The temperature holding time was 3 min.




2.4.2. Fourier Transform Infrared Spectroscopy (FT-IR)


The molecular structures of the shape memory hydrogenated epoxy resin used for the asphalt mixtures were investigated by an Fourier transform infrared (FT-IR) spectrometer (TENSOR 37) developed by the BRUKER Instruments (Karlsruhe, Germany). The FT-IR spectra ranged from 3000 to 300 cm−1. The test method was the KBr compression method and the spectrums were then obtained after 16 scans. The device was driven by “OPUS” software (7.5.18, BRUKER Instruments, Karlsruhe, Germany, 2014) for the acquisition and data processing.




2.4.3. Dynamic Mechanical Analysis (DMA)


The thermo-mechanical properties of the shape memory hydrogenated epoxy resin used for the asphalt mixtures were investigated using a DMA Q800 system (TA Instruments, New Castlee, DE, USA) in a multi-frequency-strain mode from 30 to 120 °C. The specimen dimensions were 35 × 10 × 4 mm3. The specimens were heated at a rate of 3 °C/min, and an applied strain of 0.1% was oscillated at a constant frequency of 1 Hz. The amplitude was 20 μm.




2.4.4. Tensile-Recovery Shape Memory Test


The dumbbell-shaped specimens were used to evaluate the shape-memory performance of the shape memory hydrogenated epoxy resin used for the asphalt mixtures. The specimens with five different formulations were measured under each condition. The tensile-recovery shape memory test was performed according to the following steps: (i) The original length of the specimen was recorded as L0. The dumbbell-shaped specimen was setup in the clamp of the tensile instrument we prepared. Then, a constant temperature system was heated up to a certain temperature by circulating hot water; the hot water was then put into the tensile instrument equipped with the specimen. The specimen was held for 5 min for full heating. The temperatures used were set to Tg − 10, Tg, Tg + 10, and Tg + 20 °C; (ii) The specimen was stretched to a certain length. The stretch rate was 5 cm/min and the length was recorded as L1. The stretched specimen was then quickly cooled with a constant external force and the tensile deformation was frozen. Afterwards, the stretched specimen was dipped into a cold water bottle (−10 °C) in the refrigerator for 10 min. The length was recorded as L2 at this moment; (iii) To quantify the shape-memory performance, the stretched specimen was placed into an electric-heated thermostatic water bath set to the temperature at which the specimen was deformed, and the shape recovery process was observed. The recovery time was recorded as the point at which the specimen did not change. Five parallel specimens for each of the SM-HEP-AM were measured at the designated temperature to obtain the average recovery time. This recovery time was designated as the shape recovery time for that temperature. The length was then recorded as L3. The shape fixity ratio (Rf) and shape recovery ratio (Rr) were calculated using Equations (1) and (2).
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2.4.5. Deformation Recovery Test


Rectangular samples were used to evaluate the deformation recovery performance of the asphalt mixture and the asphalt mixture mixed with the SM-HEP (specimen JH-230-0.0796). A deformation recovery test was performed according to the following steps: (i) The intermediate loading position of the rectangular samples was marked, a constant temperature system was maintained at 10 °C by an environmental cabinet, and the sample was held for 30 min in the environmental cabinet; (ii) The failure load of the sample was obtained with a compression rate of 5 cm/min used by the three point bending test of the universal testing machine; (iii) The bending creep test of the universal testing machine was used to load the sample, a failure load of 20% was oscillated at 10 °C, and the holding time was 6 min. The testing equipment is shown in Figure 2; (iv) The sample was immediately removed after loading, the sample was kept at room temperature for 3 min, and the deformation of the loading position was recorded as D1. (v) The sample was put into a water bath set at 60 °C for 60 s and 120 s before being removed, and the deformation of the loading position was recorded as D2. (vi) To quantify the deformation recovery, the deformation recovery ratio (R) was calculated using Equation (3).
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Figure 2. The testing equipment of the deformation recovery test.
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3. Results and Analysis


3.1. Controllable Preparation Result of the Shape Memory Hydrogenated Epoxy Resin (SM-HEP)


The SM-HEP specimens were named JH-230 N; the “N” is the JH-230 molar mass of the specimens. The formulations of specimens JH-230 0.02–JH-230 0.10 are shown in Table 1.



Table 1. Specimens and their specifications.







	
Specimen

	
AL-3040 (mol)

	
JH-230 (mol)

	
IPDA (mol)






	
JH-230 0.02

	
0.98

	
0.02

	
0.5




	
JH-230 0.04

	
0.96

	
0.04

	
0.5




	
JH-230 0.05

	
0.95

	
0.05

	
0.5




	
JH-230 0.06

	
0.94

	
0.06

	
0.5




	
JH-230 0.08

	
0.92

	
0.08

	
0.5




	
JH-230 0.10

	
0.90

	
0.10

	
0.5










To study the relationship between the JH-230 content and Tg, the Tg of the specimens with the specifications in Table 1 were tested by the differential scanning calorimeter (DSC). As can be seen in Figure 3, the SM-HEP Tg linearly decreased as the JH-230 content increased, which means that Tg could be changed by adjusting the JH-230 content. The Tg is a key characteristic parameter of the thermo-mechanical behaviour and shape recovery performance of SMPs. The flexible change in the Tg of the SM-HEP is a very useful feature that can expand the applications of the material to meet different demands.


Figure 3. The second heating DSC curves of the shape-memory hydrogenated epoxy resin (heating flow = 10 °C/min).
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The Tg values obtained from the DSC curves are also marked in Figure 3. As shown in Figure 3, all SM-HEP specimens show Tg values ranging from 33.5 to 71.4 °C. The Tg values gradually decreased with an increased JH-230 content. To further study the relationship of the JH-230 content and Tg, the relationship was fitted linearly.



Figure 4 shows the linear fit results. The preliminary linear fit equation is presented in Equation (4).


[image: there is no content]



(4)






Figure 4. The linear fit of the JH-230 content and Tg.
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In Equation (4), Y is the Tg of SM-HEP and X is the JH-230 content. As can be seen in Figure 4, the Tg of SM-HEP linearly decreased with the increase in the JH-230 content. The correlation coefficient R2 is 0.9405, which proves that the linear fit degree is high. The formulations of the SM-HEP with different Tg values can be back-calculated using Equation (4).



The SM-HEP studied in this paper was mainly used to reduce the accumulation of permanent deformation on an asphalt pavement at high temperatures and then improve the rutting resistance of the asphalt pavement. Due to the fact that SM-HEP can correct its temporary deformed shape and restore its original shape upon an external stimulus, the deformation temperature may be below the Tg of the SM-HEP [14]. When the temperature of the asphalt mixture ranges from 30 to 70 °C, the cracks will start to self-heal [28]. The SM-HEP Tg used for the asphalt mixture was set as 40, 45, 50, 55, and 60 °C to investigate the improvement effect of the SM-HEP on the rutting resistance of the asphalt pavement. The back-calculated formulations of the SMP-HEP with Tg values of 40, 45, 50, 55, 60 °C are shown in Table 2. The corresponding measured Tg values tested by DSC are displayed in Figure 5.


Figure 5. The second heating differential scanning calorimeter (DSC) curves of the shape-memory hydrogenated epoxy resin with inverse calculated formulations (heating flow = 10 °C/min).
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Table 2. Specimens with back-calculated formulations and their Tg values.







	
Specimen

	
AL-3040 (mol)

	
JH-230 (mol)

	
IPDA (mol)

	
Tg-Fitted (°C)






	
JH-230-0.0274

	
0.9726

	
0.0274

	
0.5

	
60




	
JH-230-0.0407

	
0.9593

	
0.0407

	
0.5

	
55




	
JH-230-0.0540

	
0.9460

	
0.0540

	
0.5

	
50




	
JH-230-0.0678

	
0.9322

	
0.0678

	
0.5

	
45




	
JH-230-0.0805

	
0.9805

	
0.0805

	
0.5

	
40










According to Table 2 and Figure 5, the preliminary fitted Tg and measured Tg were inconsistent, especially for the specimen JH-230 0.0274, for which the difference was 4.5 °C. To ensure the accuracy of the controllable preparation result, the SM-HEP values in Table 1 and Table 2 were both used to linearly fit the relationship of the JH-230 content and Tg. The second linear fitting results are shown in Figure 6.


Figure 6. The second linear fitting relationship between the JH-230 content and the Tg.



[image: Applsci 07 00523 g006]






As shown in Figure 6, the R2 of the second linear fitting results is 0.9462, and the second linear fitting equation of Tg and the JH-230 content is shown in Equation (5).


Y = −4.50489 × X + 75.82575



(5)







With the same method, the corresponding back-calculated formulations of the Tg values of 40, 45, 50, 55, 60 °C are shown in Table 3. The measured Tg values tested by DSC are also displayed in Table 3.



Table 3. Specimens with the second back-calculated formulations and their Tg values.







	
Specimen

	
AL-3040

(mol)

	
JH-230

(mol)

	
IPDA

(mol)

	
Tg-Fitted

(°C)

	
Tg-Measured (Uppercase)

(°C)

	
Error Bars

(°C)






	
JH-230-0.0353

	
0.9647

	
0.0353

	
0.5

	
60

	
60.9

	
1.0




	
JH-230-0.0463

	
0.9537

	
0.0463

	
0.5

	
55

	
55.5

	
0.7




	
JH-230-0.0574

	
0.9426

	
0.0574

	
0.5

	
50

	
49.4

	
0.5




	
JH-230-0.0685

	
0.9315

	
0.0685

	
0.5

	
45

	
44.8

	
0.4




	
JH-230-0.0796

	
0.9204

	
0.0796

	
0.5

	
40

	
39.0

	
0.8










In Table 3, the linear fitted Tg and measured Tg are almost the same. The 45 degrees contour map was used to prove that the controllable preparation result was accurate.



As can be seen in Figure 7, there is a high consistency between the fitted Tg of the specimen obtained by the second linear fitting equation and the measured Tg determined by the DSC. It was concluded that the second linear fit displays a good fitting precision and reproducibility. The Tg is not a fixed value, but is variable in a certain range. Therefore, the preparation results obtained by the linear fit method are reasonable. In conclusion, the formulations of the SM-HEP-AM are shown in Table 3.


Figure 7. 45 degrees contour map of the SM-HEP Tg.
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3.2. The Thermal Property of the Shape Memory Hydrogenated Epoxy Resin Used for Asphalt Mixtures (SM-HEP-AM)


The DSC thermographs of the SM-HEP-AM are shown in Figure 8. The Tg values obtained from the DSCanalysis are also marked in Figure 8. The results demonstrated that the JH-230 content in the SM-HEP-AM had a significant effect on the Tg. More specifically, the Tg decreased with an increased JH-230 content in the SM-HEP-AM. Tg is an essential transition temperature from the freezing to free-motion states of the segments in a polymer network. In the SM-HEP-AM network, the increased JH-230 content decreased the cross-link density and resulted in an increased mobility of the segments. Furthermore, the JH-230 molecular weight is 2500 g/mol and its flexibility is high. Therefore, the chain flexibility of the SM-HEP-AM network improved as the JH-230 content increased, leading to a decrease in Tg [29].


Figure 8. The second heating DSC curves of the SM-HEP-AM (heating flow = 10 °C/min).
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3.3. The Molecular Structure of the Shape Memory Hydrogenated Epoxy Resin Used for Asphalt Mixtures (SM-HEP-AM)


The chemical structures of the IPDA, JH-230, AL-3040, and SM-HEP-AM were confirmed through the FT-IR spectra in Figure 9. The absorption peak at 909 cm−1 on the infrared spectra of the AL-3040 was attributed to the presence of epoxy groups. The disappearance of the absorption peak on the spectra of the SM-HEP-AM was due to the complete reaction of the epoxy groups in AL-3040 and the active hydrogen in IPDA. Meanwhile, it indicated that the SM-HEP-AM had been completely cured. The band at 1092 cm−1 on the spectra of the JH-230 and SM-HEP-AM corresponded to the C–O stretching vibration band in the raw materials (JH-230). The bands located around 1730 cm−1 in the JH-230 and SM-HEP-AM were assigned to the C=O stretching vibration band presented in the raw materials (JH-230). They also reflected the differences residing in the spectra, depending on the JH-230 content. These bands, with a very low intensity in specimen JH-230-0.0353, appear very visible on the spectra of specimen JH-230-0.0685 and specimen JH-230-0.0796. This indicated that the intensity of the bands at 1092 and 1730 cm−1 increased with an increased JH-230 content. It can be explained by the fact that there exists a large amount of C–O and C=O stretching vibration bands in JH-230, and with the increased JH-230 content, the C–O and C=O stretching vibration bands of SM-HEP-AM also increased. The peaks at 2859 and 2932 cm−1 were associated with the –CH3 symmetric stretching peak and saturation C–H stretching vibration peak.


Figure 9. FT-IR Spectra of IPDA, JH-230, AL-3040, and the SM-HEP-AM.
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3.4. The Thermo-Mechanical Property of the Shape Memory Hydrogenated Epoxy Resin Used for Asphalt Mixtures (SM-HEP-AM)


The storage modulus (E′) values of the SM-HEP-AM are shown in Figure 10a. The changes in the E′ values below and above the Tg are also marked in Figure 10a. Generally speaking, a good SMP should have a change of E′ of more than two to three orders below and above the Tg.


Figure 10. Dynamic mechanical analysis (DMA) curves of the SM-HEP-AM: (a) the storage modulus; and (b) the loss modulus.
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Figure 10a shows that the E' of all of the SM-HEP-AM decreased by almost three orders of magnitude. The glass/rubber modulus ratio is defined as the elastic ratio, and higher elastic ratios would be beneficial to the SM-HEP-AM shape retention. The SM-HEP-AM with a larger glass/rubber modulus ratio below and above Tg is in favour of improving the shape fixity ratio [30]. Figure 10a also revealed that the glass modulus increased with the decreased JH-230 content. The molecular weight of the JH-230 is large (2500 g/mol), and there exist lots of –C–O– single bonds. The molecular chain rotates about a single bond, and the chain is very flexible, which decreased the intermolecular force and increased the mobility of the chain segment, thus leading to the decrease in the glass modulus of the SM-HEP-AM. According to different standards, Tg can be determined in several ways. In this study, the peak of the loss modulus versus temperature curve was defined as Tg. The Tg values obtained from the loss modulus versus temperature curve are shown in Figure 10b. According to this definition, dynamic mechanical analysis (DMA) Tg gradually increased with a decreased JH-230 content. For a clearer illustration, the Tg values obtained from DSC and DMA are summarized in Figure 11.


Figure 11. Tg values of the SM-HEP-AM.
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The Tg values obtained from DSC were almost consistent with those obtained from DMA. This difference can be explained by the frequency effect in the DMA test. It can be concluded that the formulations of the SM-HEP-AM obtained by the preparation method are reasonable.




3.5. The Shape-Memory Performance of the Shape Memory Hydrogenated Epoxy Resin Used for Asphalt Mixtures (SM-HEP-AM)


To investigate the shape-memory performance of the SM-HEP-AM, the specimens were tested at Tg − 10, Tg, Tg + 10, and Tg + 20 °C using the tensile-recovery shape memory test. The Tg values were obtained from DSC. According to the results, the shape fixity ratio of the SM-HEP-AM could reach 98.5%. Full recovery could be observed after only several minutes at Tg + 10 and Tg + 20 °C, and the shape recovery ratio of the SM-HEP-AM could reach 92%. It revealed that the SM-HEP-AM displayed a good shape memory performance.



Figure 12 showed the relationship between the shape recovery ratio and recovery time of the JH-230-0.0796, JH-230-0.0685, JH-230-0.0574, JH-230-0.0463, and JH-230-0.0353 specimens at different temperatures. As can be seen in Figure 12, it required less time to complete the shape recovery process at higher temperatures for the same specimen. The free volume of the SM-HEP-AM increased with increased temperature, and thus the frozen segments and the frozen force were gradually released. Therefore, the shape recovery time decreased as the temperature increased. According to the results, it has a relatively low recovery rate at the start and at the terminal stage. At the start stage, the molecular chain segments of the specimens were still frozen. It slowly moved under the excitation temperature. The release of the internal stress was followed by a relatively strong friction between the segments, thereby decreasing the recovery rate. As time went on, the molecular segments constantly adjusted, and friction between the segments decreased. Therefore, during the middle stage, the shape recovery rate was relatively high. At the terminal stage, the slope of the curve became flat. This can be explained by the possibility that the stored strain energy has been largely released at the middle stage, so the recovery rate became slow. The same trend in the shape-recovery rate has been noted for other shape memory epoxies and shape-memory composites [31,32].


Figure 12. Relationship between shape recovery ratio and recovery time of the SM-HEP-AM: (a) JH-230-0.0796; (b) JH-230-0.0685; (c) JH-230-0.0574; (d) JH-230-0.0463; and (e) JH-230-0.0353.
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The relationship of the shape recovery ratio and shape recovery time of the five specimens at Tg, Tg + 10, and Tg + 20 °C are shown in Figure 13. When the temperature remained the same, the shape recovery time increased as the JH-230 content increased. Moreover, the trend between the shape recovery time and the JH-230 content gradually decreased as the temperature increased. The crosslink density decreased with the increased JH-230 content. In the tensile-recovery shape memory test, strain energy was stored in the form of internal stress in a temporary shape. At a higher temperature, the SM-HEP-AM recovered its shape before deformation by using its energy in the form of a restoring force. From Figure 10a, the storage modulus decreased as the crosslink density decreased, which means that there was less strain energy stored as the crosslink density decreased, during which the specimen was deformed. The shape recovery time would increase as the crosslink density decreased. Thus, the recovery force decreased and the shape recovery time was extended.


Figure 13. Relationship between the shape recovery ratio and recovery time of the SM-HEP-AM at the same temperature: (a) Tg °C; (b) Tg + 10 °C; and (c) Tg + 20 °C.
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3.6. The Deformation Recovery Performance of the Asphalt Mixtures with and without the Shape Memory Hydrogenated Epoxy Resin Used for Asphalt Mixtures (SM-HEP-AM)


As can be seen from Figure 14, the deformation recovery ratio of the asphalt mixture mixed with the SM-HEP-AM has a higher deformation recovery ratio than that of the matrix asphalt mixture, and the deformation recovery ratio increased with the increase in the recovery time. The asphalt mixture is a typical viscoelastic-plastic material, and the obvious deformation occurred under a high temperature and continuous load. Asphalt mixture is one kind of self-healing material, so the deformation can partially recover. However, the self-healing process of the asphalt mixture is very slow. What’s more, in practice, for asphalt mixture subjected to repeated loading, the asphalt mixture deformation is impossible to fully recover. In this paper, the SM-HEP-AM added to the asphalt is specimen JH-230 0.0796, the corresponding Tg is 40 °C, and the recovery temperature is 60 °C. As the SM-HEP-AM is one kind of thermoset SMP, when the asphalt mixture mixed with the SM-HEP-AM was molded under a certain high temperature, the SM-HEP-AM was shaped and then retained the deformation under room temperature. It also caused partial deformation when the specimen was loaded. As the asphalt mixture mixed with the SM-HEP-AM was kept at 60 °C, the SM-HEP-AM was stimulated and produced a certain restoring force. The restoring force drove the surrounding materials, and finally improved the asphalt mixture deformation recovery performance. Therefore, the deformation recovery performance of the asphalt mixture mixed with the SM-HEP-AM increased. It can be concluded that applying the SM-HEP-AM to asphalt mixture at a temperature higher than the Tg of the used SM-HEP-AM may improve the deformation recovery performance of the asphalt mixture and slow down the accumulation of plastic deformation.


Figure 14. The deformation recovery ratio of the asphalt mixture and asphalt mixture mixed with the SM-HEP-AM.
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4. Conclusions


In this paper, a new type of shape-memory hydrogenated epoxy resin (SM-HEP) was prepared from hydrogenated bisphenol A epoxy resin (AL-3040), polypropylene glycol diglycidyl ether (JH-230), and isophorone diamine (IPDA). The preparation of SM-HEP used for asphalt mixture (SM-HEP-AM) showed that the fitted glass-transition temperature (Tg) and measured Tg are almost the same. It was concluded that the needed Tg of the SM-HEP specimen can be accurately obtained by the preparation method. Furthermore, when IPDA has a fixed content of 0.5 mol, we can predict the Tg when JH-230 has a content ranging from 0.0796 to 0.0353, and the required Tg ranges from 40 to 60 °C. The DSC results demonstrated that the SM-HEP-AM Tg decreased with the increased JH-230 content. This may be explained by the increase in the JH-230 content decreasing the cross-link density, thus resulting in an increased segment mobility. The storage modulus of the SM-HEP-AM changed almost three orders magnitude below and above the Tg, which means that the SM-HEP-AM is a good kind of SMP. Meanwhile, when the chain segment mobility increased, the glass modulus increased as the JH-230 content decreased. The changes in the relationship between the JH-230 content and Tg in the loss modulus versus temperature curve tested by DMA is consistent with the DSC results. As for the SM-HEP-AM with the same formulation, the Tg measured by DSC and that obtained by DMA were almost uniform. The SM-HEP-AM revealed a good shape-memory performance, and the full recovery can be observed after only several minutes at Tg + 10 and Tg + 20 °C. The SM-HEP-AM specimens require less time to complete the shape recovery process at higher temperatures than at lower temperatures. On account of the influence of the crosslink density, the shape recovery time decreased with the decreased JH-230 content. The deformation recovery performance of the asphalt mixture mixed with the SM-HEP-AM was better than that of the matrix asphalt mixture. This may provide a method to slow down the accumulation of plastic deformation.
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