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Abstract: Firstly, thermoplastic polyurethane recycled material (IPRM) particles were
used to prepare modified asphalt. Then, the modified asphalt’s physical properties were
investigated. The results show that the TPRM particles improved its high-temperature
performance, low-temperature crack resistance, and shear behavior due to its increased
cohesion and low-temperature fracture energy levels. Thermal susceptibility was affected
by the degree of swelling and dissolution of the TPRM particles, the composition of
the asphalt, and the interface effect between the asphalt molecules and both the regular
and slender—irregular TPRM particles. The TPRM particles swelled and dissolved after
absorbing the light components of asphalt. Changes in the shearing temperature and
time made the TPRM particles swell and dissolve more than changes in the activation
temperature and time. An increase in the shearing/activation temperature and time
increased the hydrogen bond content in the modified asphalt due to the rearrangement of
the polyurethane’s molecular structure and the hydrogen bonds formed by the asphaltene
and polyurethane molecules. Slender—irregular TPRM and “sea—island” and hilly and
gulley structures were found in the modified asphalt matrix.

Keywords: thermoplastic polyurethane recycled material; modified asphalt; physical
properties; chemical structure; microstructure

1. Introduction

Asphalt is the byproduct of the petroleum industry and has complex compositions. In
the colloid theory, asphalt is divided into four compositions: saturated fractions, aromatic
fractions, resin, and asphaltene. Currently, high-grade pavement plays an important role in
the development of the national economy, and most pavements are made of asphalt. Due to
the influences of temperature, humidity, and moisture, asphalt pavements age quickly and
their composition changes. As a result, the content of light components in asphalt decreases,
it becomes harder, and it can no longer be cemented or resist wear. This results in cracking,
pitting, and other issues, which severely shorten the service life of the pavement [1-3].

At present, in engineering, polymer-modified asphalt is generally used. The polymer
modifiers commonly used are styrene butadiene styrene block (SBS) and ethylene—vinyl
acetate (EVA) copolymers, styrene butadiene (SBR) and crumb rubber (CR), and polyethy-
lene (PE). Polymer-modified asphalt is usually obtained through physical modification,
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and its performance is highly dependent on which polymer is used. After modification,
the high-temperature performance and low-temperature crack resistance of asphalt are
improved to a certain extent. This can prolong the service life of asphalt pavements,
lower infrastructure construction costs, and promote the development of the national
economy [4-6]. In addition, some researchers have tried to use polyurethane prepolymer
to prepare modified asphalt. Sun et al. used polyurethane prepolymers as an additive to
prepare modified asphalt and a mixture. They found that the modified asphalt had excellent
high-temperature stability and low-temperature crack resistance, and the mixture was very
water-stable [7]. Jin et al. investigated the properties of polyurethane prepolymer and rock
asphalt-modified asphalt. The results show that the unsaturated bond in the polyurethane
prepolymer crosslinked with an S-S bond in base asphalt improved its low-temperature
crack resistance [8]. Xia et al. prepared castor oil-polyurethane prepolymer polyurethane
(C-PU)-modified asphalt. The resistance to deformation of this modified asphalt improved
with an increasing C-PU content. This is due to the reaction of -NCO with water and
active hydrogen in asphalt [9]. Jia et al. used synthetic thermoplastic polyurethane as
an additive to improve the low-temperature crack resistance of organic montmorillonite-
modified asphalt. This modified asphalt showed excellent low-temperature properties,
elasticity, and flame retardancy [10]. However, polyurethane is expensive, so promoting
the use of polyurethane-modified asphalt is difficult. Polyurethane recycled material is
processed from polyurethane waste, so it is cheaper than original polyurethane. This type
of polyurethane could be used to prepare modified asphalt.

The incorporation of thermoplastic polyurethane recycled material (TPRM) par-
ticles into asphalt mixtures may enhance the performance and sustainability of road
materials [11,12]. Research has shown that TPRM can improve the mechanical proper-
ties of asphalt, such as its durability and resistance to cracking. For instance, Zhang
demonstrated that the addition of TPRM particles to asphalt mixtures can increase its
load-bearing capacity and resistance to low-temperature cracking [13]. However, it is
hard to ensure the compatibility of TPRM with the traditional asphalt components, as the
processing temperatures and behaviors differ significantly.

In this study, thermoplastic polyurethane recycled material (TPRM) particles were
used to prepare modified asphalt. In order to fully stimulate the TPRM particles, they were
mixed with asphalt in advance, and then activated at varying temperatures for different
times. After that, modified asphalt was prepared at different shearing temperatures and
times [14]. The effects of the shearing/activation temperature and time on high-temperature
performance, low-temperature crack resistance, thermal susceptibility, and shear property
of the modified asphalt were investigated. Effects of above factors on chemical structures of
the modified asphalt were analyzed by using Fourier-transform infrared spectroscopy. The
microstructures of the modified asphalt samples prepared at different shearing/activation
temperatures and times were investigated using fluorescence microscopy and scanning
electron microscopy.

2. Materials and Methods
2.1. Materials

The base asphalt chosen was SK70; its basic indices are shown in Table 1. Twenty-mesh
thermoplastic polyurethane recycled material (TPRM) particles were obtained from a shoe
factory. The particles are black, with 23.15 wt.% of carbon black.
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Table 1. Basic performance of SK70.
Parameter Result Standard in China (JTG E20-2011) [15]
Penetration (25 °C, 0.1 mm) 72.5 T0604
Softening point (°C) 48.5 T0606
Ductility (5 °C, cm) 7.40 T0605
Viscosity (135 °C, 18.6 s~ !)/Pa-s 0.531 T0625

2.2. Preparation of Modified Asphalt

Modified asphalt is affected by the shearing/activation temperature and time. Thus,
the base asphalt was heated until it could flow fully, and 20 wt.% of TPRM was added.
Afterwards, these four preparation procedures were followed:

o  The mixture of TPRM and asphalt was activated at 170 °C for 60 min, after that it
was sheared at 5000 rpm for 60 min. The shearing temperatures were 155 °C, 165 °C,
175 °C, 185 °C, and 195 °C. The modified asphalt with a shearing temperature of
175 °C was named S175, and the other modified asphalt preparations followed the
same naming rule.

e  The mixture was activated at 170 °C for 60 min. Then, it was sheared at 5000 rpm
and 175 °C; the shearing times were 20 min, 40 min, 60 min, 80 min, and 100 min.
The modified asphalt with a shearing time of 20 min was named 520, and the other
modified asphalt preparations followed the same naming rule.

e The mixture was activated at a certain temperature for 60 min; the activation tem-
peratures were 150 °C, 160 °C, 170 °C, 180 °C, and 190 °C. Then, it was sheared at
5000 rpm and 175 °C for 60 min. The modified asphalt with an activation temperature
of 150 °C was named A150, and the other modified asphalt preparations followed the
same naming rule.

e  The mixture was activated at 170 for 60 min; the activation times were 0 min, 30 min,
60 min, 90 min, and 120 min. Then, it was sheared at 5000 rpm and 175 °C for 60 min.
The modified asphalt with an activation time of 0 min was named A0, and the other
modified asphalt preparations followed the same naming rule.

2.3. Experiment Methodology
2.3.1. Physical Properties Test

The softening point is usually used to evaluate the high-temperature performance of
asphalt according to the Chinese Standards JTG E20-2011 (Test Methods of Asphalt and
Asphalt Mixtures for Highway Engineering) [15]. We used ®55 x 35 mm samples with
6 replicates for accuracy. The modified asphalt’s hardness was evaluated using a cone
penetration test; this method is better than the penetration test for asphalt modified using
TPRM particles [16]. Additionally, the shear strength (7) of asphalt is another evaluation
index of asphalt. This was calculated according to Equation (1):

T= [981QCOSZ(IX/2)} /rth?tan (a/2) (1)

where T represents shear strength, Q denotes the total mass of the loading hammer, «
stands for the tip angle of the cone, and / indicates cone penetration. In this study, Q is
150 g, and « is 30° [17]. The cone penetration and shear strength values of SK70 were 55.1
(0.1 mm) and 50.13 kPa, respectively.
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2.3.2. Rotational Viscosity

The rotational viscosity of modified asphalt was tested using a Brookfield viscometer
at 135 °C, 145 °C, 155 °C, 165 °C, and 175 °C. To ensure the accuracy and reliability of the
results, at least three samples were tested in parallel experiments.

2.3.3. Force Ductility Test

In this study, the properties of the modified asphalt prepared at a low temperature were
evaluated using the force ductility test (FDT). The sample dimensions were as follows: a
total length of 75 mm, 30 mm spacing between the end molds, and minimum cross-sectional
dimensions of 10 mm x 10 mm. The test temperature was 5 °C, and the loading rate was
50 mm/min. Three samples were used for testing, and the line closest to the average value
was recorded. The area under the FDT curve was calculated, which represents fracture
energy. An increase in fracture energy demonstrates the improvement in asphalt at a
low temperature.

2.3.4. Fluorescence Microscopy

Fluorescence microscopy (FM, BM2100, Jiangnan, China) was used to investigate the
microstructure of the TPRM-modified asphalt. The asphalt samples were dissolved in an
appropriate organic solvent to form a uniform, thin film on a glass slide for subsequent
analysis. In this study, the FM tests were conducted with a BM2100 microscope; micro-
graphs were taken with a Nikon D7100 camera (D7100, Nikon, Japan), which was equipped
with an automatic counter. The modified asphalt was observed at a magnification of 400x.

2.3.5. Fourier-Transform Infrared Spectroscopy Analysis

The difference in chemical structures between the base and modified asphalt were ana-
lyzed by Fourier-transform infrared spectroscopy (ATR-FTIR, Bruker TENSOR 27, Germany).
During the test, asphalt films were placed on a reflection diamond, and spectra from
400 cm ™! to 4000 cm~! were collected at 4 cm ™! resolution.

2.3.6. Morphology Analysis

A scanning electron microscope (SEM, Hitachi 54800, Japan) was used to observe
the effects of the modifier, the shearing/activation temperatures, and time on the surface
morphology of the modified asphalt. The modified asphalt was placed in a refrigerator at
—20 °C for 48 h, and then it was taken out and gently broken. The flattest section of the
modified asphalt was sputtered with gold under vacuum conditions, and then studied in
an SEM test. During this process, the acceleration voltage was 3 kV.

3. Results and Discussion
3.1. Conventional Physical Properties

The effects of shearing/activation temperature and time on the softening points of
the modified asphalt are illustrated in Figure 1a,b. In this figure, the softening points
increase alongside the shearing/activation temperature and time. These results indicate
that the high-temperature performance of the modified asphalt is improved. In addition,
the relationship between the softening points and the shearing temperature and time is
reflected by the fitting equations shown in Figure 1a. The slope of the curve between the
softening point and the shearing temperature is 0.1381, while that between the softening
point and the shearing time is 0.1053. Moreover, the relationship between the softening
points and the activation temperature and time is reflected by the fitting equations shown
in Figure 1b. The slope of the curve between the softening points and the activation
temperature is 0.1183, and it is 0.0122 for the softening points and the activation time. The
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different curves are ordered as follows: 0.1381 > 0.1183 > 0.1053 > 0.0122. These results
indicate that the shearing temperature improved the modified asphalt’s high-temperature
performance the most.
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Figure 1. Softening points of modified asphalt (a) at different shearing temperatures and times, and
(b) at different activation temperatures and times.

56

Figure 2a,b show the cone penetration and shear strength results of the modified
asphalt at different shearing temperatures and times, respectively, while Figure 2c¢,d show
these results at different activation temperatures and times, respectively. The cone penetra-
tion results for the modified asphalt deteriorated with increasing shearing and activation
temperatures and during the shearing process. However, the cone penetration results for
the modified asphalt improved during activation from 0 min to 60 min, and then it wors-
ened from 60 min to 120 min. The shear strength and cone penetration results exhibited
opposite trends. In addition, the cone penetration results for the modified asphalt were
consistently worse than those of SK70, while the modified asphalt was consistently stronger
than SK70. These results indicate that the modified asphalt was more consistent and stable
under pressure and loading than SK70 was.

Additionally, the relationships between the cone penetration results and the shear-
ing/activation temperature and time are represented by the fitting equations shown in
Figure 2. The fitting equations of the cone penetration results and the shearing temperature
and time and the activation temperature are first-degree polynomial. The fitting equation
of the cone penetration results and activation time are quadratic polynomial, with an
absolute value of the quadratic coefficient of 0.0026. Figure 2 also shows fitting equations
for shear strength and the shearing/activation temperature and time. The fitting equations
between shear strength, temperature, and time and the activation temperature are first-
degree polynomial. The fitting equation for shear strength and activation time is quadratic
polynomial, with an absolute quadratic coefficient of 0.0354. These results indicate that
the cone penetration results and shear strength are most sensitive to the activation time,
while stability under pressure and loading are also very sensitive to the activation time. In
addition, 0.0354 is larger than 0.0026, which indicates that shear strength is more sensitive
to the activation time than the cone penetration results are.

At high temperatures, the hydrogen bonds in the hard and soft segments of TPRM
broke, leading to less microphase separation and crystallinity. Ultimately, this resulted in
the structural weakness of TPRM [18]. Thus, the TPRM particles easily absorbed the light
components of asphalt (saturates and aromatics) and swelled, or even dissolved. Under the
combined actions of mechanochemical processes and external heating, the molecular chain
in TPRM broke, and its structural integrity was destroyed [19]. Thus, the TPRM particles



Buildings 2025, 15, 281

6 of 20

decreased in size, and the composition of asphalt was changed. As the shearing process
continued, more TPRM particles underwent the abovementioned process, and carbon black
was released.
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Figure 2. Cone penetration and shear strength results of modified asphalt (a) at different shearing
temperatures, (b) at different shearing times, (c) at different activation temperatures, and (d) at
different activation times.

As the same time, the asphaltene content in the modified asphalt increased due to
aging. Therefore, the surfaces of the TPRM particles absorbing the light components of
asphalt formed an asphaltene gel layer with high viscosity. These particles bonded to
each other and formed systems of a semi-solid continuous phase with very high viscosity
in the modified asphalt. Thus, a “sea—island structure” formed in the modified asphalt
matrix [20,21]. The semi-solid continuous phase and the asphalt molecules became attracted
to each other, resulting in cohesion and viscosity. Moreover, a part of TPRM formed slender
and irregular, fibrous products and dispersed throughout the modified asphalt matrix.
The contact area between slender—irregular TPRM and asphalt was large, increasing the
resistance of the asphalt molecules and resulting in improved cohesion and viscosity. An
increase in the shearing/activation temperature and time accelerated the abovementioned
process. Thus, the softening points of the modified asphalt increased with the increase in
shearing/activation temperature and time, while the cone penetration results deteriorated
with higher shearing and activation temperatures and a longer shearing time. In the
modified asphalt matrix, large particles hindered the movement of the cone more than the
small particles did. Moreover, the activation of TPRM particles in hot asphalt may have
destroyed their structure, shearing them into small particles. Asphalt is prone to aging at
high temperatures, and aged asphalt is harder than base asphalt. These phenomena might
explain why the cone penetration and shear strength results improved with the increase in
activation time.
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3.2. Force Ductility

Figure 3 shows FDT curves of SK70 and the modified asphalt. The FDT curves of the
modified asphalt are similar to those of SK70. Some researchers conducted a force ductility
testin a 5 °C water bath, and they defined the area under the FDT curve as fracture energy.
An increase in fracture energy could improve asphalt at low temperatures [22]. The fracture
energy of SK70 is 5286/N-mm, and that of the modified asphalt is shown in Figure 4a,b.
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Figure 3. FDT curves of modified asphalt (a) at different shearing temperatures, (b) at different
shearing times, (c) at different activation temperatures, and (d) at different activation times.
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Figure 4a shows the fracture energy of the modified asphalt at different shearing
temperatures and times. The fracture energy of the modified asphalt increased as the
shearing temperature increased from 155 °C to 175 °C, and then it decreased from 175 °C
to 195 °C. Additionally, the fracture energy of the modified asphalt increased during
shearing from 20 min to 60 min, and then decreased from 60 min to 120 min. The fracture
energy of the modified asphalt was consistently higher than that of SK70. The relationships
between fracture energy and the shearing temperature and time are represented by the
fitting equations shown in Figure 4a. The fitting equations between fracture energy and
the shearing temperature and time are quadratic polynomials, with absolute quadratic
coefficients of 0.8643 and 0.6635, respectively. Figure 4b shows the fracture energy of the
modified asphalt at different activation temperatures and times. The fracture energy of
the modified asphalt increased as the activation temperature increased from 150 °C to
170 °C, and then it decreased from 170 °C to 190 °C. In addition, the fracture energy of
the modified asphalt increased throughout activation. The fracture energy of the modified
asphalt was also consistently higher than that of SK70. The relationship between fracture
energy and the activation temperature and time is also represented by the fitting equation
shown in Figure 4b. The fitting equation between fracture energy and the activation
temperature is quadratic polynomial, while that for the activation time is first-degree
polynomial. The absolute quadratic coefficient for the fracture energy and activation
temperature fitting equation is 3.3502. The order of different quadratic coefficients is
as follows: 3.3502 > 0.684 > 0.663. Thus, the low-temperature crack resistance was most
sensitive to changes in activation temperature.

The propagation of cracks is the main reason for the low-temperature fracturing of
asphalt materials. According to the crack blocking mechanism, the “sea—island structure”
and slender-irregular TPRM could have absorbed the stress and strain energy present in the
modified asphalt under tension, thereby increasing its fracture energy [23,24]. Additionally,
the reinforcing effect of carbon black might have also contributed to the increase in fracture
energy [25]. As the shearing temperature and time and the activation temperature increase,
the “sea—island structure” and slender-irregular TPRM became more prominent. However,
asphalt is prone to aging with an increase in the shearing temperature and time and the
activation temperature, and aged asphalt is brittle and easily cracks at low temperatures.
These factors are the reason that the fracture energy showed opposite trends with the
increasing shearing temperature and time and activation temperature. As the activation
time increased, the “sea—island structure” of the modified asphalt also gradually emerged,
and the amount of slender—irregular TPRM also increased. However, the asphalt did
not age enough to cause a significant decrease in fracture energy, even as the activation
time increased. Therefore, the fracture energy of the modified asphalt increased during
activation. Furthermore, the activation temperature had a significant effect on the swelling
of TPRM particles, but it did not cause the serious aging of asphalt, which might be
the reason why low-temperature crack resistance is the most sensitive to the change in
activation temperature.

3.3. Thermal Susceptibility

Figure 5a,b show the viscosity of the modified asphalt at different shearing tem-
peratures and times. The modified asphalt became less viscous as the test temperature
increased. However, it became more viscous as the shearing temperature and time in-
creased. Figure 5c¢,d show the viscosity of the modified asphalt at the different activation
temperatures and times. Similarly, the modified asphalt also became less viscous as the
test temperature increased. Moreover, there was no obvious difference in the viscosity of
the modified asphalt at the different activation temperatures. However, modified asphalt
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became less viscous during activation from 0 min to 60 min, and then it became more
viscous from 60 min to 120 min.
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Figure 5. Viscosity changes in modified asphalt (a) at different shearing temperatures, (b) at different
shearing times, (c) at different activation temperatures, and (d) at different activation times.

Equation (2) is an Arrhenius equation, which is usually used to describe the viscosity—
temperature relationship of asphalt:

7(T) = Aee E1/RT 2)

where 7 is defined as viscosity, Pa-s; A represents the regression coefficient; Ey denotes
viscous activation energy, ] /mol; R stands for the universal gas constant, 8.314 J-mol1.K~1;
and T indicates absolute temperature, K.
En was used to characterize the thermal susceptibility of the modified asphalt accord-
ing to Equation (3):
Log #(T) = Log A + Ey/2.303RT (©)]

Equation (3) indicates that Log 7 has a linear relationship with 1/T. The data in Figure 5
were plotted in Log #7(T)-1/T form; the results are presented in Figure 6. The slope of the
straight line is Ex/2.303R. Then, the Ez of modified asphalt was calculated. The fitting
results and Ez are shown in Table 2.
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Figure 6. Logn~1/T relationship curves of modified asphalt (a) at different shearing tempera-

tures, (b) at different shearing times, (c) at different activation temperatures, and (d) at different

activation times.

Table 2. Logn~1/T linear fitting results.

Viscosity-Temperature _ Correlation
No. Relationship Ex/lJ -mol 1 Coefficient R?
S155 Logy = 3012.7080/T — 7.3765 57.6847 0.9834
S165 Logny = 3151.1554/T — 7.4934 60.3356 0.9839
S175 Logn = 3233.2292/T — 7.9966 61.9071 0.9991
5185 Logn = 3295.9540/T — 7.8818 63.1081 0.9948
5195 Logn = 3250.2511/T — 7.7832 62.2330 0.9898
520 Logy = 3191.8295/T — 7.8111 61.1144 0.9927
540 Logy = 3269.3270/T — 7.9338 62.5982 0.9922
560 Logn = 3285.4456 /T — 7.9966 62.9071 0.9791
580 Logn = 3253.6819/T — 7.5300 62.2987 0.9921
5100 Logn = 3134.1856/T — 7.2518 60.0108 0.9932
A150 Logn = 3338.9564/T — 8.1265 63.9314 0.9934
Al60 Logny = 3308.1347/T — 8.0493 63.3413 0.9931
A170 Logny = 3288.2562/T — 7.9966 62.9071 0.9891
A180 Logn = 3267.7675/T — 7.9248 62.5684 0.9951
A190 Logn = 3258.3283/T — 7.8536 62.3876 0.9958
A0 Logn = 3304.4583/T — 7.9465 63.2709 0.9951
A30 Logny = 3265.6680/T — 7.8502 62.5282 0.9832
A60 Logny = 3269.7940/T — 7.9966 62.6071 0.9991
A90 Logn = 3302.9656 /T — 7.9675 63.2423 0.9792
A120 Logn = 3385.87562/T — 8.0831 64.8298 0.9993
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As presented in Table 2, the correlation coefficient of the linear fitting curve is above
0.9, showing a good linear relationship between Log # and 1/T. The slope of the line reflects
the sensitivity of viscosity changes to temperature; its value is usually used to reflect the
difference in Ex [26]. In addition, fitting curves between E# and the shearing/activation
temperature and time are shown in Figure 7.
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Figure 7. Fitting curves (a) between Ez and shearing temperature, (b) between Ex and shearing time,
(c) between Ex and activation temperature, and (d) between E# and activation time.

En increased as the shearing temperature increased from 155 °C to 175 °C, and then it
decreased from 175 °C to 195 °C. Moreover, Ey increased with the shearing time increase
from 20 min to 60 min, and then it decreased from 60 min to 120 min. Ex decreased with
an increasing activation temperature. Ex decreased first, and thereupon increased with an
increasing activation time. It was worth mentioning that Ex and thermal susceptibility show
opposite trends. In addition, the fitting equations between Ex and the shearing temperature
and time and activation time are quadratic polynomial, while the fitting equations between
En and the activation temperature are first-degree polynomial. The absolute quadratic
coefficients of the fitting curves between Ex and the shearing temperature and time and
activation time are 0.0067, 0.0015, and 0.0004, respectively. Thus, E7 is the most sensitive to
shearing temperature, which means that thermal susceptibility is the most sensitive to the
shearing temperature.

As the shearing temperature and time increased, the asphalt showed obviously aged,
the ‘sea-island structure’ became more prominent, and the amount of slender—irregular
TPRM increased as the regular TPRM particles dissolved. These changes made the inter-
molecular force and the interface viscosity stronger. Modified asphalt must overcome a
high energy barrier. However, maintaining an overly high shearing temperature over a
long time caused the excessive volatilization of the light components of asphalt. Addition-
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ally, the TPRM particles absorbed fewer light components of asphalt; thus, the interface
effect between the asphalt molecules and the regular and slender-irregular TPRM particles
weakened. These factors caused increased thermal susceptibility. Moreover, the TPRM
particles swelled more with an increasing activation temperature, and the TPRM particles
in the modified asphalt became smaller with an increasing activation temperature. The
large TPRM particles in asphalt could not move as easily as the small TPRM particles could.
The modified asphalt with a low activation temperature needed to overcome high energy
barriers when moving. Thus, thermal susceptibility increased with an increasing activation
temperature. The TPRM particles also swelled more during activation, while their size
decreased. These factors may explain why the thermal susceptibility of the modified asphalt
with an activation time of 30 min was higher than that with no activation. Additionally, the
content of heavy components in modified asphalt increased with the increasing activation
time, the ‘sea—island structure’ developed, and the amount of slender—irregular TPRM also
increased. Under the combined effect of the abovementioned factors, thermal susceptibility
decreased as the activation time increased from 30 min to 120 min. Furthermore, the effects
of the change in shearing temperature on the structure of the TPRM particles and the degree
of asphalt aging likely contributed to thermal susceptibility, which was most sensitive to
the shearing temperature.

3.4. FM

The FM results of the modified asphalt are shown in Figure 8, where the light parts of
the picture represents TPRM. There are lots of TPRM particles dispersed in S155, varying a
lot in size. As the shearing temperature increased to 165 °C, TPRM became dispersed in
the modified asphalt as a flocculent continuous phase, and some TPRM particles were also
observed. Otherwise, the dispersion of TPRM particles in 5155 and S165 was poor. In S175,
lots of smaller TPRM particles were relatively evenly dispersed in the modified asphalt,
and flocculent TPRM was not found. The TPRM particles absorbed the light components
of asphalt at a high temperature, and these particles showed obvious swelling, and even
dissolution. As the shearing temperature increased, the swelling and dissolution degree of
the TPRM particles increased.

Under the activation of shearing force, the swollen TPRM particles became smaller,
and soluble TPRM evenly dispersed in the modified asphalt. These changes might have
resulted in the morphology change in the modified asphalt, with the shearing temperature
increasing from 155 °C to 175 °C. However, the modified asphalt showed no significant
difference in morphology with the shearing temperature increasing from 175 °C to 195 °C.
Moreover, the TPRM particles in S20 were larger than those in 5155, and the TPRM particles
are less bright from the center to the edge. These differences could be due to the outer
layers of TPRM particles absorbing more of the light components of asphalt compared to
the center of the TPRM particles. Moreover, flocculent TPRM was also found in 540. The
TPRM particles in S20 and 540 are unevenly dispersed. As the shearing time increased from
60 min to 100 min, lots of smaller TPRM particles were relatively evenly dispersed in the
modified asphalt, while flocculent TPRM was not found. These results might explain why
the degree of mutual penetration of the light components of asphalt and TPRM increased
as the shearing time increased. These TPRM particles were partially dissolved under the
action of shearing force and evenly dispersed in the modified asphalt.

In A150, the TPRM particles were larger than those in 520, and there was no significant
difference in brightness between the centers and edges of the TPRM particles. This was
because the TPRM particles absorbed fewer light components of asphalt at a low tem-
perature, and the difference in the degree of swelling between the centers and the edges
of TPRM particles was low. In A160, the TPRM particles were obviously smaller than
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those in A150, and flocculent TPRM was distributed around the TPRM particles. This
indicates that the swelling or dissolution degree of the particles in A160 was greater than
those in A150, and they were more easily sheared into smaller particles. Furthermore,
the TPRM particles were unevenly distributed in A150 and A160. When the activation
temperature was above 160 °C, the TPRM particles in the modified asphalt became smaller
than those in A160, and the TPRM particles in the modified asphalt were significantly more
uniformly dispersed. However, the morphology of the modified asphalt did not change as
the activation temperature increased from 170 °C to 190 °C. Moreover, the TPRM particles
in AO were larger than those in A150, which could explain why the TPRM particles did
not activate. The TPRM particles in A30 were smaller than those in A0, and they were
less bright than those in AQ. This could be because the TPRM particles in A30 were more
swollen than those in A0. In addition, the TPRM particles were poorly dispersed in A0
and A30. The TPRM particles in 5175 were smaller than those in A30, and they were
significantly more dispersed. Subsequently, the further increase in activation time had little
effect on the TPRM particles’ size or dispersibility.

0.5mm

(8155) (8165) (8175) (5185) (8195)

(S20) (S40) (8175) (880) (S100)

0.5mm

(A150) (8175) (A180) (A190)

(A0) (A30) (S175) (A90) (A120)

Figure 8. FM results of different modified asphalt samples.

3.5. FTIR

Figure 9a shows the FTIR spectra of TPRM and SK70, indicating that these materials
are quite different. The peak at 3545 cm~! observed in TPRM could be assigned to the N-H
group, and the strong peaks of TPRM and SK70 between 2850 and 2930 cm ! relate to the
-CH, group. Additionally, the strong transmission peaks of TPRM at approximately 1700
and 1728 cm™~! are related to C=O in urethane. The peak at 1700 cm~! is a characteristic
peak of C=0 forming a hydrogen bond, while the peak at 1728 cm~! is a characteristic peak
of C=0 without hydrogen bond formation [27,28]. Finally, the peaks at 1453 and 1375 cm ™!
relate to C-H bonds.
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Figure 9. FTIR results of raw materials and modified asphalt: (a) TPRM and SK70; (b) A0, A150, S20,
5155, and S175; and (c) A0’, A150°, S20’, S155’, and S175’.

Based on the above analysis, 5175 showed the most excellent physical properties.
Thus, the chemical structures of A0, A150, S20, 5155, and S175 were analyzed by FTIR to
investigate the effects of the shearing/activation temperature and time on the chemical
structures of the modified asphalt. The FTIR spectra of A0, A150, S20, S155, and 5175
are presented in Figure 9b. The FTIR spectra of the modified asphalt samples were the
same. These results indicate that the modified asphalt samples have similar chemical
structures. Compared to the FTIR spectra of SK70, two new transmission peaks in the range
of 1700-1730 cm ™! were observed in the FTIR spectra of the modified asphalt. They relate
to the C=O bond in TPRM. Additionally, to simulate the effects of shearing and activation
processes on the chemical structure of the base asphalt, SK70 underwent the same shearing
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and activation processes as the modified asphalt. AQ" represents the asphalt that had no
modifier and underwent the same activation and shearing process to A0, and the same
naming rule was also applied to A150’, S20’, S155, and S175’. Figure 9c shows the FTIR
spectra of AQ’, A150°, 520°, 5155’, and S175’. This asphalt had a similar chemical structure
to the base asphalt shown in Figure 9a, while the intensity of peak at 1700 cm~! increased
with the increasing shearing/activation temperature and time. This could be related to the
aging phenomenon of asphalt.

In order to gain a comprehensive understanding of the chemical structure of the
modified asphalt, the following indices were calculated using Equation (4).

I = A1700/ A2850—2930 4)

where Aj7o represents the peak area of the C=0 at 1700 em L. Angso_no30 denotes the peak
area between 2850 and 2930 cm ™! [29]. The I of the asphalt without a modifier is donated
as Iy, and the I of the modified asphalt is donated as Iyp. R stands for the ratio between
Iyn and Iyp, and this was acquired using Equation (5).

R = Iun/Imp (5)

RO represents the ratio between the Iy of A0” and the Iy;p of A0. R150, R20, R155,
and R175 follow the same naming rule. Ij;n, Ipp, and R are shown in Figure 10.
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Figure 10. I and R values.

The modified asphalt with a higher shearing/activation temperature had larger I;;n
and Iy;p values, while R decreased as the shearing/activation temperature and time
increased. During the cooling process of the hot, modified asphalt, the polyurethane
molecules had sufficient time to relax and re-orientate, causing microphase separation. This
process is conducive to the formation of hydrogen bonds in TPRM [30]. The trend of R
is also connected with the hydrogen bonds formed between C=0O in TPRM and the polar
functional group of asphaltene [25,31-34].

3.6. SEM

SEM images of SK70, A0, A150, S20, S155, and S175 are shown in Figure 11. The section
of SK70 has a relatively flat, homogeneous structure, with a smooth surface. In contrast,
the modified asphalt samples displayed heterogeneous structures, with a distinct hilly
and gulley microstructure. Additionally, the TPRM particles were distributed within the
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modified asphalt. This indicates the formation of a ‘sea—island structure” in the modified
asphalt matrix. Moreover, the particle sizes in the different modified asphalt samples
varied, following this order: A0 > A150 > 520 > 5155 > S175.

(a) (b)

()

Figure 11. SEM results of SK70 and modified asphalt: (a) SK70, (b) A0, (c) A150, (d) S20, (e) S155, and
(f) S175.

Figure 12 also shows the microstructure of the modified asphalt; lots of slender—
irregular TPRM particles were distributed within the modified asphalt matrix, disrupting
the continuity of the hilly and gulley structure. During activation, the TPRM particles
absorbed the light components of asphalt, swelled, and then sheared into smaller particles.
As a result, the TPRM particles in AQ are larger than those in 5175. The longer shearing
time and higher temperature in S175 compared to those for S20 resulted in smaller TPRM
particles in S175. Despite 5155 having a lower shearing temperature than 520, its longer
shearing time produced smaller TPRM particles than those in S20. These findings suggest
that the shearing time had a greater impact on TPRM particle size than temperature did.
Additionally, while A0 and A150 underwent the same shearing conditions, the TPRM
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particles in AQ were larger than those in A150, indicating that the activation process
reduced the particle size.

(0 (d)

(e)

Figure 12. SEM results of modified asphalt: (a) A0, (b) A150, (c) S20, (d) S155, and (e) S175.

Moreover, A0 (without activation) and 520 (with activation) were exposed to the
same shearing temperature, but the shearing time for S20 was shorter than that for AQ.
Despite this, the TPRM particles in A0 were larger than those in 520, indicating that the
activation process had a greater impact on particle size than the shearing time did. However,
under the action of shearing force, slender—irregular TPRM was obtained and dispersed
in the modified asphalt matrix. These TPRM particles blocked the continuity of the hilly
and gulley structure in the modified asphalt matrix, which made it more stable [24,35].
Additionally, the substantial mechanical force between the sawtooth TPRM particles and the
asphalt matrix hindered the movement of asphalt molecules. Thus, the physical properties
of asphalt were improved. The presence of a hilly and gulley structure in the modified
asphalt caused plastic deformation in the matrix, which increased the energy required for
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crack growth at low temperatures. This might be the reason for the improvement in the
low-temperature crack resistance of asphalt.

4. Conclusions

Asphalt modified with thermoplastic polyurethane recycled material (TPRM) particles
was successfully prepared. The effects of shearing/activation temperature and duration on
the high-temperature performance, low-temperature crack resistance, thermal susceptibility,
and shear properties of the modified asphalt were investigated. The chemical structure and
microstructure of the modified asphalt a different shearing/activation temperatures and
times were investigated to determine the optimal processes and mechanisms. Based on the
above results and discussion, the following conclusions can be drawn:

(1) The swelling and dissolution of TPRM particles altered the composition of as-
phalt; small and slender—irregular TPRM particles caused increased cohesion and
low-temperature fracture energy level. These changes led to an improved high-
temperature performance and the better low-temperature crack resistance of the
modified asphalt. The shearing temperature was identified as the primary factor in
improving high-temperature performance, while the activation temperature impacted
low-temperature crack resistance.

(2) The thermal susceptibility of the modified asphalt was influenced by the extent of the
swelling and dissolution of TPRM particles. This was also related to the composition
of asphalt and the interface effect between the asphalt molecules and the slender—
irregular TPRM particles. Additionally, the thermal susceptibility of the modified
asphalt was very sensitive to the shearing temperature.

(3) At high temperatures, the TPRM particles absorbed the light components of as-
phalt, resulting in significant swelling and dissolution. The TPRM particles became
smaller with an increasing shearing/activation temperature and time. As the shear-
ing/activation temperature and time increased, these particles in the modified asphalt
uniformly dispersed. The activation temperature and time had a more pronounced
effect on the swelling and dissolution of TPRM particles.

(4) The increase in shearing/activation temperature and time led to an increase in the
hydrogen bond content of the modified asphalt. Small, slender—irregular TPRM
particles that formed a hilly or gulley structure were observed in the modified asphalt
matrix. These microstructures enhanced the high-temperature performance and
low-temperature crack resistance of the modified asphalt.
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