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Abstract

:

The copolymer ethylene–octene (POE) has good aging resistance and is an inexpensive asphalt additive compared to the styrene–butadiene–styrene copolymer (SBS). However, POE is easy to segregate in asphalt during storage at high temperatures. Grafting glycidyl methacrylate (GMA) onto the molecular backbone of POE (i.e., POE-g-GMA) may solve this problem, for the epoxy groups in GMA can react with the active groups in asphalt. Asphalt modified with linear and crosslinked POE-g-GMA were prepared, and the hot storage stability, physical properties and thermal oxidation aging properties were discussed in detail. The results show that linear and low-degree crosslinked POE-g-GMA-modified asphalts are storage-stable at high temperatures via measurements of the difference in softening points and small-angle X-ray scattering (SAXS) characterizations from macro and micro perspectives. The difference in softening points (ΔSP) between the upper and lower ends is no more than 3.5 °C for modified asphalts after 48 h of being in an oven at 163 °C. More importantly, the crosslinking modification of POE-g-GMA can further increase the softening point and reduce the penetration as well as rheological properties via conventional physical property, dynamic shear rheometer (DSR) and multiple-stress creep recovery (MSCR) tests. Furthermore, asphalt modified with crosslinked POE-g-GMA reveals better aging resistance via measurements of the performance retention rate and electron paramagnetic resonance (EPR) characterizations after a rolling thin film oven test (RTFOT). This work may provide further guidelines for the application of polymers in asphalt.
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1. Introduction


Asphalt modified with polymers has a long history because polymers can improve the physical and rheological performance of asphalt. The triblock copolymer styrene–butadiene–styrene (SBS) can remarkably enhance the high-temperature rutting resistance and low-temperature cracking resistance of a matrix asphalt simultaneously, and is the most widely used modifier for asphalt [1]. However, SBS-modified asphalt faces several challenges, including poor aging resistance caused by the presence of double bonds in the backbone and high costs [2,3]. The copolymer ethylene–octene (POE) is one kind of polyolefin elastomer, and its phase structure is similar to that of SBS [4]. According to the chemical formula (Figure 1a), as a kind of thermoplastic elastomer with a saturated main chain, POE has excellent heat resistance and oxygen aging performance [5]. Moreover, it is much cheaper than SBS is. Therefore, asphalt modified with POE is necessary to be regarded as the research object.



It is difficult for polymer-modified asphalt to achieve compatibility and it easily tends toward phase separation, which mainly arises from differences in molecular structure and weight, density and viscosity [6]. In view of the kinetic point, the system of polymer-modified asphalt (PMA) tends to segregate at high temperatures [7], which restricts the application of PMA in large-scale settings. In general, it contains a high probability to form a homogenous mixture between materials with similar polarities after physical blending [8]. However, the polarity of POE is weak, resulting in the poor compatibility of the two phases and low thermal storage stability. Therefore, it is difficult to prepare POE-modified asphalt with good compatibility only via mechanical blending [9].



Many efforts have been devoted to improving the compatibility between the polymer and asphalts phase, and chemical modification is certified as an effective approach via a chemical reaction of both phases [10]. It is known that some functional groups (e.g., epoxy groups) can react with the several active groups (e.g., hydroxyl groups) that exist in asphalt. Therefore, introducing functional groups into the molecular chain of a polymer, specifically a functional polymer, is one of the most popular methods to alleviate and overcome the problem of the poor compatibility of PMA [6]. Thermoplastic elastomers grafted with maleic anhydride (MAH) or glycidyl methacrylate (GMA) and the copolymers of ethylene-containing epoxy groups, which can be referred to as functionalized polymers, have been widely studied as asphalt modifiers [11,12]. Therefore, grafting GMA onto the molecular backbone of POE (Figure 1b) may solve the problem of POE segregation in asphalt. The production technology of POE grafted using GMA (POE-g-GMA) has become more and more advanced. Moreover, the crosslinking modification of a polymer can further improve its mechanical properties, thermal stability, and aging resistance, and the designability of the crosslinked network structure leads to the adjustability of material properties.



In this work, different crosslinked POE-g-GMAs were synthesized by changing the content of dicumyl peroxide (DCP) using the melt blending strategy, and then asphalt was modified via linear and crosslinked POE-g-GMA, respectively. The storage stability, physical and rheological properties were evaluated, and the resistance of thermal oxidation aging was also discussed in detail. POE-g-GMA improves the properties of asphalt, and compared with that modified with POE, POE-g-GMA-modified asphalt shows superior storage stability. Other than that, low-degree crosslinked POE-g-GMA has a small effect on storage stability, and can further enhance the properties of asphalt, which may satisfy the multi-functional needs of modern transportation.




2. Materials and Methods


2.1. Materials


Penetration 70 asphalt was used as the research object in this work, and the physical properties are listed in Table 1. POE and POE-g-GMA were provided by Xiamen Coace Chemical Co., Ltd. (Xiamen, Fujian, China). The melting index of POE-g-GMA is 6.0 g/min (load of 2.16 kg, at 190 ℃), and the grafted rate is 1.2–2.0%. Dicumyl peroxide (DCP) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).




2.2. Preparation Methods


2.2.1. Preparation of Crosslinked POE-g-GMA


Before processing, POE-g-GMA was dried at 80 °C for 6 h in a vacuum-dried oven. A Haake internal mixer (Thermo Scientific Co., Waltham, MA, USA) was employed to prepare crosslinked POE-g-GMA via melt blending with different DCP contents at 190 °C and 40 rpm for 5 min. The as-prepared samples were cut into small pieces with scissors. Hereafter, the crosslinked POE-g-GMA samples are marked as PG-x, where x is the concentration (wt%) of DCP in blends.




2.2.2. Preparation of the Modified Asphalts


First, matrix asphalt was melted at 170 °C until it could completely flow in the container, and different modifiers with predetermined ratios were added into the flowing asphalt, which was left to swell at 170 °C for 30 min after operating manual stirring. Then, the asphalt blends were sheared at about 170 °C for 30 min with a speed of 5000–6000 rpm using a high-speed shear mixer. At last, the modified asphalt was incubated at 170 °C for 30 min. The asphalt modified with y wt% POE-g-GMA is coded as A-yPG, while the asphalt modified with PG-x is referred to as A-3PG-x. The content of PG-x was fixed at 3 wt%. A detailed composition of the blends is shown in Table 2. As a comparison, asphalt modified with 3 wt%POE (A-3P) was chosen as the control sample.




2.2.3. Laboratory Aging


A rolling thin film oven test (RTFOT) was carried out to simulate the short-term thermal oxygen aging that happens to different asphalts (for 85 min, at 163 °C with rotation and the blowing of air at 4 L/min) according to ASTM D2872.





2.3. Characterizations


2.3.1. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)


The Cary 610/670 micro-infrared spectrometer produced by Varian Company (Palo Alto, CA, USA) was employed to carry out ATR-FTIR for analyzing changes in chemical structure. The scanning range of the instrument is 4000–500 cm−1 with a resolution of 4 cm−1, and it has an accumulation of 32 scans continuously.




2.3.2. Gel Contents Measurement


The gel content analysis of crosslinked POE-g-GMA was carried out via extraction with toluene in a Soxhlet apparatus at 130 °C for about 72 h, which can be used to qualitatively analyze the degree of crosslinking of POE-g-GMA. The insoluble products obtained via filtration were dried at 130 °C in an oven to a constant weight. The gel contents (%) were measured using Equation (1):


   Gel   content    =  w 2  /  w 1  × 100 %  



(1)




where w1 is the weight of the as-prepared samples without extraction, while w2 is the weight of the insoluble products.




2.3.3. Differential Scanning Calorimetry (DSC)


A DSC (8500, PerkinElmer Co., Wilmington, DE, USA) test was performed to detect the melting behaviors of PG-x (~10 mg). The heat program was as follows: heating from −65 to 100 °C with a heating rate of 5 K/min. The measurements were conducted in a nitrogen atmosphere.




2.3.4. Storage Stability and Conventional Physical Properties


The test on storage stability under high- temperatures was carried out in accordance with the standard T 0661-2011 [13], while the ΔSP between the top and bottom of the aluminum tube was used to evaluate the storage stability of modified asphalts at high temperatures. Modified asphalt with a ΔSP of less than 3.5 °C can be supposed to have good storage stability. The tests on conventional physical properties, including penetration, softening point and ductility, were carried out in accordance with standards T 0604-2011, T 0606-2011 and T 0605-2011, respectively [13]. Three replications of each test were performed to obtained averages for each test project.




2.3.5. Small-Angle X-ray Scattering (SAXS)


The compatibility of modified asphalts in view of microscopic perspective was characterized using a Nano STAR small-angle X-ray scatter (SAXS) meter produced by Bruker, Saarbrucken, SL, Germany. The asphalt was wrapped in tinfoil and pressed into sheets of a thickness of less than 1 mm. The test was performed at room temperature, and the incident X-rays of CuKα radiation (1.54 A) were monochromated using a cross-coupled Göbel mirror and passed through the sheet sample. The distance between the sample and detector was calibrated using silver behenate, giving a scattering vector q range of 0.07 to 0.25 nm−1.




2.3.6. Dynamic Shear Rheometer (DSR)


Temperature Sweep Test



A DHR-2 rotational rheometer equipped with a pair of 25 mm parallel plates was employed to conduct the rheological experiments, and was produced by TA Co., New Castle, DE, USA. The measurements were conducted at 10 rad/s with a 1.0 mm gap and 0.2% strain, and the range of the temperature sweep test was from 40 to 80 °C.



Multiple-Stress Creep and Recovery Test



The MSCR test was conducted at 64 °C to evaluate the resistance to permanent deformation of different asphalts under shear stress values of 0.1 kPa and 3.2 kPa.




2.3.7. Morphological Characterization


A LSM700-3D laser microscope (CARL ZEISS, Co., Oberkochen, Germany), which was equipped with a blue filter system with a wavelength of excitation ranging from 390 to 490 nm, was employed to investigate the morphology of the modified asphalts at a magnification of 200. The heated, liquid modified asphalts were poured into a square mold, and then left to cool down to room temperature to obtain a flat surface.




2.3.8. Electron Paramagnetic Resonance (EPR) Test


The free radicals produced due to aging were detected via A300 EPR spectroscopy (Bruker, Saarbrucken, Germany). The test conditions were as follows: the sweep time was 167.772 s, the time constant was 163.840 ms, and the sweep width was 500 G. After the RTOFT test, the sample was dropped into trichloroethylene immediately to stop free radicals from quickly quenching. The solution was extracted to be measured with a capillary, and then the capillaries containing the samples were placed in a standard 4 mm quartz sample tube.






3. Results and Discussion


3.1. Formation of Crosslinked POE-g-GMA


The crosslinking modification of POE-g-GMA was performed via the melt blending of POE-g-GMA with DCP at 190 °C. Figure 2a gives the torque curves of crosslinked POE-g-GMA with different contents of DCP. As the mixing time increased, the torque gradually increased at the beginning of mixing, which indicates the occurrence of a crosslinking reaction. The torque also increased with the increasing content of DCP, indicating that the density and degree of crosslinking increase with the loading of DCP [14]. The gel contents of the PG-x were determined by dissolving it in toluene and via weighting. Figure 2b shows that with the increased loading of DCP from 0.05 to 0.5%, the gel contents of PG-x increased. The gel content increased from 39.65% to 71.12% while the content of DCP was 0.05 wt% and 0.5 wt%, respectively. The glass transition temperature (Tg) of PG-xs was determined via a DSC trace. As shown in Figure 2c, the Tg gradually shifts to a higher temperature with the growth content of DCP. The Tg of PG-0.5 is 65.8 °C, which compared to that of POE-g-GMA represents an increase of about 10 °C. The growth of Tg indicates the restriction of the chain mobility of the polymer [15]. The results indicate that it is possible to successfully conduct the crosslinking modification of POE-g-GMA with DCP, and that it is easy to adjust the degree of crosslinking by varying the content of DCP.



The characterization of FT-IR is displayed in Figure 3. As shown in Figure 3a, the crosslinking modification of POE-g-GMA has a small effect on the functional groups. A peak around 1735 cm−1 refers to the stretching vibration of C=O in GMA. The peak located at about 2916 cm−1 and 2850 cm−1 refers to stretching vibration of C-H2, and the peak located at 1471 cm−1 and 1378 cm−1 refers to the bending vibration of C-H and C-H3. The epoxy group located at about 910 cm−1 is the active group of glycidyl methacrylate (GMA), which can react with the carboxyl, carbonyl and other active groups in the matrix asphalt to enhance high-temperature stability. As shown in Figure 3b, the characteristic peak of the epoxy groups still existed in the crosslinked POE-g-GMA with various DCP contents. The results demonstrate that the olefin chain of POE-g-GMA was attacked by the free radicals generated by DCP without the consumption of the epoxy groups during crosslinking modification. In the other words, the crosslinked POE-g-GMA prepared in this paper still exhibited reactivity, and could further react with the matrix asphalt in the following melt blending procedure.




3.2. Storage Stability of Modified Asphalts


The storage stability of modified asphalts at high temperatures is commonly evaluated from a macro perspective via a calculation of the value of the ΔSP, and the smaller the ΔSP value, the more stable it is. According to the literature, asphalt modified with polyolefin usually has low high-temperature storage stability [16,17,18], which has serious adverse impacts on pavement performance. Values of the ΔSP for different modified asphalts and microstructure characteristics are studied in this paper. As shown in Figure 4a, the ΔSP value of A-3P is 18.2 °C, indicating obvious phase separation between POE and asphalt in the process of hot storage. However, POE-g-GMA is stably and uniformly dispersed in asphalt, which is confirmed by the value of the ΔSP (Figure 4a). Although the ΔSP value of modified asphalt slightly increases with the rise in the POE-g-GMA content, all values are less than 1.0 °C, which is indicative of satisfactory compatibility. This may be a result of the reaction that happens between the epoxy groups in POE-g-GMA and the hydroxyl, carboxyl, and other active groups in the asphalt during processing, which improved its storage stability [6,19,20]. The results of the ΔSP of the asphalt modified with crosslinked POE-g-GMA are given in Figure 4b. With the rise in x, the value of the ΔSP increases, and asphalt modified with weakly crosslinked POE-g-GMA (x ≤ 0.2) shows good storage stability with a ΔSP value of less than 3.5 °C, while the ΔSP of A-3PG-0.5 is more than 3.5 °C, reaching 11.7 °C. The results indicate that the crosslinking modification of POE-g-GMA has an adverse impact on the compatibility of the modified asphalts. This is because the migration of molecular chains is restricted by the crosslinking network structure, resulting in a decrease in the reactivity of epoxy groups in PG-x [14]. Hence, the thermal storage stability of asphalt modified with highly crosslinking PG-x is poor. Figure 4c describes the schematics of the modification and storage stability of different modified asphalts.



Figure 4d displays the SAXS spectra of different asphalts. It can be seen that all samples have a high scattering intensity, and that the scattering intensity of A-3PG-x increases with the increase in x, which is especially the case for A-3PG-0.5. The high scattering intensity in the SAXS spectra arises from the fluctuations in molecular density caused by phase separation [21]; thus, the results indicate that the composition of asphalt itself is very complex, and the crosslinking modification of POE-g-GMA exacerbates the phase separation of modified asphalt at a micro level. The result is consistent with that of the macroscopic compatibility test.



Figure 4e depicts the FT-IR spectra of different modified asphalts. The results show the disappearance of the epoxy group (~910 cm−1) and the emergence of new characteristic peaks (~1255 cm−1), which may be attributed to C-O in the aromatic ether. FT-IR spectra confirm the existence of the reaction between POE-g-GMA and asphalt. Therefore, asphalt modified with POE-g-GMA shows good storage stability.




3.3. Penetration, Softening Point and Ductility


The test of penetration was conducted to evaluate the consistency and hardness of modified asphalt, and the results of penetration are given in Table 3. With the growth content of POE-g-GMA, the penetration of modified asphalts gradually decreases, and the penetration of asphalt decreases from 63.2 to 40.2 after loading with 4 wt% POE-g-GMA, which indicates that the hardness and consistency of asphalt can be enhanced via modification with POE-g-GMA. The penetration of asphalt modified with PG-x slightly decreases, indicating that weakly crosslinked POE-g-GMA has a small impact on the consistency and hardness of asphalt [22]. The softening point was determined to evaluate the properties under high temperatures, and properties under low temperatures were evaluated via the ductility under 10 °C. All the test data are given in Table 3, and the table shows that along with the rise in the loading of POE-g-GMA, the softening point gradually increases. The softening point of asphalt increases from 47.7 °C to 54.9 °C after being modified with 4 wt% POE-g-GMA. The softening point of A-3PG-x continuously increases with the increase in x. When x = 0.2, the softening point continues to increase from 52.6 °C to 59.2 °C, indicating that the weak-crosslinking modification of POE-g-GMA can further enhance the properties under high temperatures. A ductility test was performed at 10 °C. The results in Table 3 show that ductility reduces from 62.0 cm to 15.5 cm after modification with 1 wt% POE-g-GMA, reflecting that POE-g-GMA has a visible harmful influence on ductility. However, ductility slightly increases as the content of POE-g-GMA continues to increase. The ductility of asphalt modified with PG-x decreases with an increase in x, indicating that crosslinking modification is not conducive to its properties under low temperatures.




3.4. Dynamic Rheological Properties


The difference in chemical composition or structure between modifier and asphalt has an impact on its rheological performance, which is strongly associated with the processing and paving of the asphalt mixture and the properties of the pavement [23,24]. Therefore, it is important to study the rheological performance of modified asphalts, including their complex shear modulus (G*), phase angle (δ) and rutting factor (G*/sinδ). G* and δ were directly obtained via a DSR test. G* represents the stiffness and the ability of resistance to shear deformation. δ is the ratio of the elastic to the viscous component of asphalt, and a smaller δ indicates that there are more elastic components in the asphalt, reflecting that it is easier to be deformed and that there are more unrecoverable parts in the deformation of asphalt. The ability to resist high-temperature rutting can be evaluated by calculating the value of G*/sinδ, which is an important index and defined in the Superpave specification [25]. The G*, δ and G*/sinδ curves with the temperature for the matrix asphalt and different modified asphalts are shown in Figure 5. As the temperature increases, G* and G*/sinδ become smaller and smaller, while δ becomes larger and larger.



In Figure 5a, G* increases along with the increasing content of POE-g-GMA, and the G* of A-3PG-x increases with the rise in x, reflecting that the weak crosslinking modification of POE-g-GMA further enhances the stiffness and resistance to shear deformation of asphalt [26]. The δ of the modified asphalts is smaller than that of the matrix asphalt (Figure 5b), and the change rule is opposite to that of G*, which is indicative of stronger elastic properties [27]. The rutting factor is displayed in Figure 5c, and the change rule is consistent with that of G*. The results of G*/sinδ show that the anti-rutting factor of asphalt is improved via modification with linear POE-g-GMA, and crosslinked POE-g-GMA can further strengthen the rutting resistance of modified asphalts [28]. Overall, it is beneficial to the improvement of the properties of asphalt under high temperatures via modification with linear and crosslinked POE-g-GMA.



The evaluation parameters, non-recoverable creep compliance (Jnr) and percent recovery (R), were calculated and are shown in Figure 6; these parameters are more representative and convincing than are rutting parameter for evaluating the resistance of asphalt to rutting deformation under high temperatures. Figure 6a shows the Jnr of different modified asphalts at 0.1 and 3.2 kPa (Jnr01 and Jnr3.2), while the R values (R01 and R3.2) are given in Figure 6b. Jnr01 and Jnr3.2 of POE-g-GMA-modified asphalts are lower than that of unmodified asphalt, and decrease with the increasing content of POE-g-GMA, which indicates that POE-g-GMA improves rutting resistance. Moreover, crosslinked POE-g-GMA can further enhance the high-temperature performance. The Jnr value represents the unrecoverable strain after removing the preset load, while R is employed to characterize the ability of asphalt to restore its original state. As shown in Figure 6b, the R of POE-g-GMA-modified asphalts is higher than that of unmodified asphalt, and crosslinked POE-g-GMA significantly increases the value of R, especially in the case of A-3PG-0.2. Overall, it is beneficial to the improvement of the rheological properties of asphalt to modify it with linear and crosslinked POE-g-GMA. This is because that the functional groups in POE-g-GMA have the ability to react with the acidic compound in asphalt and therefore the network structure. The movement of the modified asphalt molecule was restricted by the network structure. As a result, the flow and deformation of asphalt were restricted under high temperatures.




3.5. Morphology of Modified Asphalts


The dispersibility of a polymer in asphalt is extremely important when it comes to the properties of asphalt [24,29]. The fluorescence microscope test is considered to be the simplest but most valuable method to analyze the morphology of asphalt modified with a polymer [30,31]. The distribution and phase structure of linear and crosslinked POE-g-GMA in the asphalt was characterized using a 3D laser microscope, and the fluorescent images with a 200× magnification are shown in Figure 7. The POE-g-GMA particles with different degrees of crosslinking lit up with a greenish-yellow glow; they show a dot structure and good dispersion in the asphalt. As the figure inserted in Figure 7 shows, the grain size distribution curve gradually shifted toward a larger size, indicating that the particle size of PG-x increases with the increase in the degree of crosslinking, and the average sizes are 2.95 μm, 3.72 μm, 4.02 μm and 4.85 μm. This may be because crosslinking modification increased the viscosity of the polymer, and made it more and more difficult for the POE-g-GMA phase to break into smaller sizes [14]. Weak crosslinking had a small impact on the dispersibility of POE-g-GMA.




3.6. Thermal Oxidation Aging Resistance of Modified Asphalts


The comparison of physical parameters, including the penetration, softening point, and ductility of asphalts, obtained before and after RTFOT experiment can be applied to evaluate the aging resistance of asphalt, and the results are given in Table 4. It can be seem that the performance change trend of PG-x modified-asphalt is free of thermal oxidation aging. Furthermore, the physical parameters of modified asphalt after aging change in the same way as do those of unmodified asphalt; the penetration and ductility of all samples decrease, but the softening point is higher than that before aging.



Figure 8 displays the change in both the morphology of modified asphalts and the particle size of the polymer after aging. Because of degradation [32], the average size of polymer particles decreases to 2.65 μm, 3.02 μm, 3.49 μm and 4.3 μm. Moreover, the results of fluorescence microscopy show the difference between the residual dosages of PG-x in asphalt after aging, and the greater the x, the more residual dosages. This is because that crosslinking modification can inhibit the degradation of polymers during aging [33].



The property retention ratio (PRR) of penetration and ductility and the softening point increment (SPI) can be defined as aging indexes and they are useful for evaluating the extent of aging in asphalt; a large PRR and small SPI correspond to a low degree of aging [34,35,36]. Both the PRRs and SPI were conducted to study the aging resistance of the matrix and modified asphalts in this paper. The PRR and SPI and were calculated according to Equations (2) and (3), and the results of PRR and SPI are shown in Figure 9a. For all asphalts, the retention ratio of ductility is lower than that of penetration, indicating that aging has a great impact on ductility. The PRRs of all modified asphalts are greater than those of the matrix asphalt, while the SPIs are smaller than those of the matrix asphalt, indicating that both linear and crosslinked POE-g-GMA can effectively enhance the thermal oxidation aging resistance of asphalt. Modified asphalts have good anti-aging performance, mainly because POE-g-GMA is a kind of polymer with a saturated molecular backbone [37]. It is noteworthy that with an increase in x, the change trends of PRR and SPI are consistent for all asphalts, while PRRs gradually increase and SPIs decrease, reflecting a reduction in the aging degree of asphalt. The crosslinking modification of POE-g-GMA can further enhance the aging resistance of modified asphalt.


  PRR =   Property   after   aging   Property   before   aging   × 100 %  



(2)






  SPI =  Softening   point   after   aging  −  Softening   point   before   aging   



(3)







ATR-FTIR was employed to detect the change in characteristic functional groups in asphalt during thermal oxidation aging. Oxygen-containing functional groups (e.g., sulfoxide and carbonyl) are often used to reflect the aging characteristics and indicators of asphalt. In this work, the sulfoxide index (IS=O) was applied to reflect the changes in S=O in the asphalt. The vibration of the sulfoxide S=O functional group is located at about 1031 cm−1 [38], and the related FTIR spectra are shown in Figure 9b. The IS=O can be determined as follows [39]:


   I  S = O   =    A  1031      ∑ A     



(4)




where    A  1031     is the peak area of S=O, and    ∑ A    represents the total peak area sum from 4000 cm−1 to 500 cm−1. The degree of oxidation (%) was used to study the impact of PG-x on the anti-aging performance of asphalt, and was calculated via the following equation:


   The   degree   of   oxidation  =    I  S = O  *  −  I  S = O      I  S = O     × 100 %  



(5)




where    I  S = O  *    is the sulfoxide index after aging. As shown in Figure 9c, the result of IS=O of the matrix asphalt is much greater than that of modified asphalts, and decreases with the increased degree of the crosslinking of POE-g-GMA. This indicates that PG-x inhibits the oxidation reaction occurring in asphalt during thermal -oxidation aging. Moreover, the greater the crosslinking of POE-g-GMA, the better the effect.



Free radical theory can be applied to explain the mechanism of the thermal oxidation aging of asphalt [40,41]. The EPR technique has provided a unique and powerful tool to elucidate radical mechanisms [42,43]. The free radicals produced via thermal oxidation aging in matrix and modified asphalts were detected via EPR measurements. Via the double integration of experimental data, the overall yield of radicals was semi-quantitatively determined. As shown in Figure 10, the signal of the intensity of asphalt is the highest, while the signal intensity dramatically decreases after modification, and reduces with the increased degree of the crosslinking of POE-g-GMA. The results indicate that the yield of radicals decrease. This is because crosslinking places a restriction on the mobility of molecular chain segments, and the movement ability of macromolecular free radicals decreases, slowing down the reaction rate of free radical chain growth [44]. As a result, the yield of radicals decreases, which is indicative of good characteristics of resistance to thermal oxidation aging. Therefore, it is effective to enhance the thermal aging resistance of modified asphalt by regulating the mobility of polymer molecular chains through the crosslinking modification of a polymer modifier.





4. Conclusions


POE-g-GMA was taken as the research object of this paper, and it was crosslinked via melt blending with DCP. Subsequently, samples of asphalt modified with linear and crosslinked POE-g-GMA were prepared. Thereout, the effect of the polymer molecular network structure on the properties of asphalt was studied. The conclusions are as follows:




	1.

	
The compatibility between linear or crosslinked POE-g-GMA and asphalt can be evaluated from macroscopic and microscopic perspectives via measuring the difference in softening points and SAXS characterizations. It is found that asphalt modified with linear or low-degree-crosslinked POE-g-GMA shows excellent hot storage stability compared to POE-modified asphalt. However, high crosslinking may restrain the reactivity of epoxy groups in POE-g-GMA, which has an adverse effect on its compatibility with asphalt.




	2.

	
With the modification of POE-g-GMA, the penetration reduces and the rheological properties increase as well as the softening point, which endows asphalt with a good ability to resist high-temperature rutting, while the crosslinking modification of POE-g-GMA further enhances the modification effect.




	3.

	
Moreover, the crosslinking modification of POE-g-GMA has a positive impact on the thermal oxidation aging resistance of modified asphalt for oxidation reactions are inhibited during the process of aging, and the movement ability of macromolecular free radicals are restricted, thereby slowing down the reaction rate of free radical chain growth. The EPR technique provided a unique and powerful tool to elucidate the radical mechanisms.









Because of its excellent performance and low cost, POE-g-GMA may be chosen as a good candidate to modify asphalt with good engineering benefits.
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Figure 1. (a) The chemical formula of POE and (b) structural model of POE-g-GMA. 
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Figure 2. (a) Torque evolution curves, (b) gel contents and (c) DSC heating curves of PG-x. 






Figure 2. (a) Torque evolution curves, (b) gel contents and (c) DSC heating curves of PG-x.



[image: Materials 16 06564 g002]







[image: Materials 16 06564 g003] 





Figure 3. (a) The range of 500–4000 cm−1 and (b) 890–930 cm−1 in the FT-IR spectra of POE-g-GMA with various DCP contents. 
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Figure 4. The storage stability of (a) A-yPG and (b) A-3PG-x; (c) the schematics for storage stability, (d) the SAXS spectra and (e) the FT-IR spectra of different modified asphalts. 
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Figure 5. (a) The complex modulus, (b) the phase angle and (c) the rutting factor of different modified asphalts. 
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Figure 6. (a) Non-recoverable creep compliance and (b) Percent recovery of different modified asphalts. 
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Figure 7. The fluorescence micrographs of A-3PG-x before thermal oxidation aging. 
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Figure 8. The fluorescence micrographs of A-3PG-x after thermal oxidation aging. 
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Figure 9. (a) The aging indexes of different modified asphalts; (b) the FT-IR spectra and (c) degree of oxidation of different modified asphalts after thermal oxidation aging. 
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Figure 10. EPR spectra of the different modified asphalts after thermal oxidation aging. 
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Table 1. The basic properties of Pen70 asphalt.
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	Properties
	Value
	Standard





	Penetration (25 °C, 100 g, 5 s) (0.1 mm)
	63.2
	ASTM D5



	Softening Point (°C)
	47.7
	ASTM D36



	Ductility (5 cm/min, 10 °C) (cm)
	62.0
	ASTM D113



	Viscosity (60 °C), Pa·s
	213
	ASTM D2171










 





Table 2. Fabrication of asphalts modified with PG-x.






Table 2. Fabrication of asphalts modified with PG-x.





	Code
	x
	Content of PG-x (wt%)





	A-1PG
	0
	1



	A-2PG
	0
	2



	A-3PG
	0
	3



	A-4PG
	0
	4



	A-3PG-0.05
	0.05
	3



	A-3PG-0.1
	0.1
	3



	A-3PG-0.2
	0.2
	3










 





Table 3. The physical properties of modified asphalts before thermal oxidation aging.
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	Sample
	Penetration (0.1 mm)

(25 °C, 100 g, 5 s)
	Softening Point

(°C)
	Ductility (cm)

(5 cm/min, 10 °C)





	Asphalt
	63.2 ± 0.1
	47.7 ± 0.3
	62.0 ± 0.4



	A-1PG
	52.4 ± 0.3
	50.9 ± 0.2
	15.5 ± 0.6



	A-2PG
	47.0 ± 0.2
	51.3 ± 0.1
	15.7 ± 0.6



	A-3PG
	44.0 ± 0.3
	52.6 ± 0.6
	17.6 ± 0.8



	A-4PG
	40.2 ± 0.6
	54.9 ± 0.3
	18.8 ± 0.5



	A-3PG
	44.0 ± 0.1
	52.6 ± 0.3
	17.6 ± 0.9



	A-3PG-0.05
	44.1 ± 0.4
	56.6 ± 0.1
	16.5 ± 0.3



	A-3PG-0.1
	44.4 ± 0.1
	57.6 ± 0.2
	14.1 ± 0.6



	A-3PG-0.2
	45.4 ± 0.2
	59.2 ± 0.7
	13.1 ± 0.8










 





Table 4. The physical properties of modified asphalts after thermal oxidation aging.






Table 4. The physical properties of modified asphalts after thermal oxidation aging.





	Sample
	Penetration (0.1 mm)

(25 °C, 100 g, 5 s)
	Softening Point

(°C)
	Ductility (cm)

(5 cm/min, 10 °C)





	Asphalt
	41.4 ± 0.3
	54.4 ± 0.2
	25.3 ± 0.6



	A-3PG
	30.4 ± 0.7
	58.8 ± 0.6
	8.0 ± 0.9



	A-3PG-0.05
	30.5 ± 0.2
	61.5 ± 0.3
	7.7 ± 0.7



	A-3PG-0.1
	30.9 ± 0.7
	61.9 ± 0.2
	7.5 ± 0.3



	A-3PG-0.2
	32.0 ± 0.3
	62.5 ± 0.7
	7.2 ± 0.6
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