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Abstract: To evaluate the thermal stability of composite polymer-modified asphalt, thermoplas-
tic elastomer styrene-butadiene rubber (SBR)/polypropylene (PP) pellets were prepared using a
hot-melt blending technique, with butyl rubber powder and waste polypropylene pellets as raw
materials. The effects of different evaluation indexes on the thermal stability of SBR/PP-modified
asphalt were investigated using a frequency scan test and a multi-stress creep recovery (MSCR) test,
and the compatibility of SBR/PP particles with asphalt was studied using the Cole—Cole diagram
and microstructure images. The tests show that, firstly, the performance grade (PG) classification of
asphalt can be improved by adding an SBR/PP thermoplastic elastomer to enhance the adaptability of
asphalt in high- and low-temperature environments, and the evaluation separation index can reflect
the high-temperature storage stability of composite-modified asphalt more reasonably. Additionally,
the larger the rubber-to-plastic ratio the worse the high-temperature thermal stability of composite-
modified asphalt. Moreover, the addition of additives to the composite particles can promote the
SBR/PP particles in the asphalt to be more uniformly dispersed, forming a more desirable microstruc-
ture and improving the thermal stability of composite-modified asphalt. Ultimately, the semicircular
curve of the Cole-Cole diagram can reflect the compatibility characteristics of the two-phase structure
of SBR/PP-modified asphalt, which can be used as an auxiliary index to evaluate the compatibility of
polymer-modified asphalt.

Keywords: SBR/PP particles; modified asphalt; rheological behavior; Cole-Cole diagram; fluorescence
microscope

1. Introduction

The increase in traffic load and volume year after year and the significant impact of
seasonal shifts results in frequent damage to asphalt pavement. In order to prevent or reduce
this, researchers have gradually paid attention to improving the performance of asphalt by
using polymers. By adding polymers, the rheological and mechanical properties of asphalt
can be improved, which helps to optimize the viscoelastic behavior of asphalt [1,2]. However,
the influence level of different types of polymers on asphalt performance may vary, and it
is not easy to improve the comprehensive mechanical properties of asphalt at the same time
by using only one polymer. Therefore, it is necessary to use different types of polymers in a
mixed manner. For example, polyethylene/polypropylene (PE/PP) [3], styrene-butadiene
rubber/styrene-butadiene-styrene (SBR/SBS) [4], SBR/crumb rubber (CR) [5], phenolic resin
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(PF)/SBR [6] and other composite polymers are used to modify asphalt. This helps it to better
play the role of different types of polymers in improving the rheological properties of asphalt,
and to give it the dual properties of composite polymers.

PP is widely used in road engineering as a recyclable thermoplastic polymer. This
is due to its high strength and resistance to heat and corrosion [7,8]. Duggal et al. [9]
applied hard waste plastic PP to a modified asphalt mixture, which not only improves the
temperature sensitivity of the asphalt mixture, but also reduces the engineering cost and
forms an environmentally friendly, green pavement. Jerin et al. [10] pointed out that adding
thermoplastic PP to asphalt can significantly improve the high-temperature deformation
resistance of asphalt, but it will reduce the ductility of asphalt. SBR can significantly
improve the viscosity, toughness and low-temperature flexibility of asphalt. However, the
high-temperature deformation resistance of SBR-modified asphalt was relatively weak [11].
Vamegh et al. [12] used PP and SBR composite particles to modify asphalt. The research
showed that the high-temperature deformation resistance and low-temperature crack
resistance of the SBR/PP composite-modified asphalt mixture were improved, and its
fatigue life was 50% higher than that of SBS-modified asphalt. Wang et al. [13] produced
PPA-SBS-modified bio-blend bitumen by adopting polyphosphoric acid (PPA) and styrene-
butadiene-styrene (SBS), which has been experimentally proven to possess excellent thermal
cracking and fatigue resistance.

However, there is a lack of in-depth research on the stable state of composite-modified
asphalt in the process of preparation and application, especially in a high-temperature
environment. The performance change range of different polymers is different, and the
phase separation of different polymers is significant, resulting in the quality of composite-
modified asphalt being difficult to control. Compared with SBR-modified asphalt, the chem-
ical system is more stable, but its stable ageing is still less than 5 h [14].
Ren Z et al. [15] pointed out that the difference in density between polymers and as-
phalt is the main problem causing concern over the storage stability of phase separation.
By improving the compatibility between polymers and asphalt, the storage stability of
polymer-modified asphalt can be improved. The modified asphalt can remain macroscop-
ically uniform and stable for a long time. Therefore, the rubber—plastic alloy material is
prepared using plasticizing technology. This is because each component of its two-phase
structure can fully dissolve into the other and enhance its winding ability. It is difficult
to control the relative movement of polymer molecules in the process of asphalt disper-
sion, which hinders the occurrence of polymer separation, thereby reducing the composite
polymer. The density difference in asphalt could be effectively improved by the thermal
stability of composite-modified asphalt [16]. Rohayzi et al. [17] reviewed polyphosphoric
acid, Evotherm, mangosteen powder, trimethyl-quinoline and sulfur related to the addi-
tives that can improve the properties of rubberized asphalt. Liu et al. [18] have found that
montmorillonite (Mt) nano clay could act as an effective modifier by adding Mt nano clay
to crumb rubber-modified bitumen binder.

This work first used the plasticizing technology of an open mill to mix powder and
recycled polypropylene into SBR/PP thermoplastic elastomer. Finally, the compatibility
between SBR/PP thermoplastic elastomer and asphalt is studied using the Cole—Cole
diagram and microstructure image, so as to understand better the improvement mechanism
of SBR/PP thermoplastic elastomer on asphalt, and provide an experimental basis for the
application of research into SBR/PP thermoplastic elastomer modified asphalt.

2. Materials and Laboratory Test
2.1. Materials

Styrene-butadiene rubber powder is SBR 1502, which is produced by the Zhangmutou
plastic chemical industry in Dongguan City, Guangdong province, China. Polypropylene
is recycled PP particles, produced by Hunan Yinghong New Materials Co., Ltd. in Loudi,
Hunan Province, China. The compatibilizer is a self-made maleic anhydride monomer; the
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crosslinking agent is tetramethyl thiuram monosulfide (TMTM). SK 70 asphalt was selected
for the test, and the main performance indicators are shown in Table 1.

Table 1. Technical indexes of SK 70 asphalt.

Test Index Test Result Spec1.f1 cation Test Method
Requirement
Penetration (25 °C)/0.1 mm 69 60~80 T0604
Softening point/°C 49 >45 T0606
Ductility (15 °C)/cm >100 >100 T0605

2.2. Preparation of SBR/PP Composite-Modified Asphalt

1.  The SBR powder and PP granules were weighed according to the proportioning
design, respectively, mixed in a mixer for 1 min, and then added to an appropriate
amount of compatibilizer, a crosslinking agent and an auxiliary agent for blending;
finally, the blend was added to a screw extruder for extrusion. The temperature of the
extruder feeding port was set to 180 °C, the temperature of the die head was set to
190 °C, and the rotational speed of the screw was 150 r/min to obtain the SBR/PP
thermoplastic elastomer. In order to improve the dispersion and swelling of SBR/PP
thermoplastic elastomer in asphalt, it is ground by a rubber pulverizer [19]. The effect
is shown in Figure 1. It can be observed through the general optical micrograph
microscope that the surface of the SBR/PP thermoplastic elastomer particles is rough,
the shape is irregular, and the SBR and PP are evenly mixed. SBR/PP elastomers are
not white, but off-white (shown in Figure 1a). It looks off-white mainly due to the use
of auxiliary lighting during the shooting process, making the overall color bright (or
off-white). In this study, the average particle size of SBR particles is approximately
20 mesh. According to some relevant studies [20-22], PP was calculated and revealed
to exhibit isotactic configuration, with a molecular weight of 40,000 g/mol; this
constitutes over 95% of the entire polymer content.

(b)
Figure 1. Appearance and particles of SBR/PP thermoplastic elastomer. (a) Particles of SBR/PP

thermoplastic elastomer. (b) General optical micrograph of SBR/PP thermoplastic elastomer.

2. The SK 70 base asphalt was heated to a hot-melt state, and then the SBR/PP ther-
moplastic elastomer was slowly added to the asphalt. Then the modified asphalt
was heated to 170~180 °C and mechanically stirred for 20 min, so that the SBR/PP
thermoplastic elastomer body was fully swollen in asphalt. Then, the modified asphalt
was sheared with a high-speed shearer at the speed of 5000 R/min for 40 min [23].
Finally, SBR/PP composite-modified asphalt was obtained. The proportion design of
SBR/PP thermoplastic elastomer is shown in Table 2, in which the content of SBR/PP
thermoplastic elastomer is 4% of the mass of asphalt.



Polymers 2024, 16, 456 40f16
Table 2. Mix design of SBR/PP thermoplastic elastomer.
Sample Number M SBR:M PP * Compatibilizer/% Crosslinker/%

A (3:7) 37 0 0

A (5:5) 5:5 0 0

A (7:3) 7:3 0 0
B 5:5 1.5 0
C 5:5 0 0.5
D 5:5 1.5 0.5

* The additive based on the mass of thermoplastic elastomer.

2.3. Analysis and Testing

In the test, the evaluation indexes of penetration, softening point, ductility [24], softening
point difference and PG [25] were used to evaluate and analyze different modified asphalts.
At the same time, the frequency sweep test was carried out on different modified asphalts.
The applied load frequency range was 1~100 rad/s, the test temperature was 60 °C, and the
elastic modulus G’ and viscous modulus G” of the modified asphalt were measured.

The multiple-stress creep recovery (MSCR) test evaluated the delayed elastic recovery
performance of the modified asphalt [26]. The test adopts the intermittent cyclic loading
method of “loading-unloading” for the sample by DSR. The stress of 0.1 kPa was first
loaded, and the intermittent cyclic loading was performed for 10 cycles; one cycle of 10 s—
of which the first 1 s was the loading deformation stage and the last 9 s was the unloading
recovery stage—then a stress of 3.2 kPa was loaded and the procedure repeated. The total
test time was 200 s, and the test temperature was 60 °C. The recovery percentage R and the
non-recoverable creep compliance J;, of the modified asphalt were measured.

In addition, rheological property testing has been proven to be an effective method for
evaluating storage stability, so a multi-stress creep evaluation test can be performed on the
modified asphalt on the top and bottom of the sample to evaluate the thermal stability of
modified asphalt. Separation tests of SBR/PP composite-modified asphalt were evaluated
according to JTG-E20-2011 [27]. Tubes with modified asphalt were stored in ovens at 163 °C
for 48 h, then frozen at —5 °C for 5 h before being divided into three sections. The softening
point difference and separation index of the upper and lower sections were tested [28]. The
separation index is defined as follows:

|Rtop - Rbottom |

separation indexR =
RﬂUC

1)
where Ry is the per cent recovery from the top container, and Rpgoy, is the per cent
recovery from the bottom container.

. . -t - -
separation indexJ,, = “m op ~ Jur bOtt°m| (2)

]nr—ave

where Jyr-top is the non-recoverable creep compliance from the top container, and [, potom 18
the non-recoverable creep compliance from the bottom container.

In order to study the compatibility between SBR/PP thermoplastic elastomer and
asphalt and its improvement mechanism, the microstructure of modified asphalt was
analyzed using the HDS-BFS-BK6000 fluorescence microscope manufactured by Hydestar
Technology (Beijing) Co., Ltd. in Beijing China.

3. Results and Discussion
3.1. Technical Indicators of SBR/PP Composite-Modified Asphalt

In this study, penetration, softening point, ductility and softening point difference were
used to evaluate the mechanical properties of different modified asphalts. The test results are
shown in Table 3. Compared with the matrix asphalt, the penetration of the SBR/PP composite-
modified asphalt decreased, and the softening point and ductility increased, indicating that its
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anti-deformation and anti-cracking abilities were improved. With the increase in the rubber-to-
plastic ratio, Mspr:Mpp, the performance of SBR/PP composite-modified asphalt changed. The
penetration and ductility of modified asphalt gradually increased, indicating that its ability to
resist shear failure decreased, while the ductility at low temperature improved. The decrease in
the softening point of modified asphalt indicates that its temperature sensitivity was relatively
poor [29]. When the compatibilizer was added, the ductility of the SBR/PP composite-
modified asphalt reached the maximum, an increase of 71% compared with sample A (5:5),
and its low-temperature crack resistance was outstanding. The addition of a crosslinking
agent has no significant effect on its properties.

Table 3. Technical indexes of SBR/PP composite-modified asphalt.

Penetration Softening Ductility Softening Point
(25 °C)/0.1 mm Point/°C (5°C)/em Difference/°C

Virgin asphalt 69 49 6 /
A (37) 41 68 11 1.9
A (5:5) 48 64 59 2.1
A (7:3) 57 58 83 2.2
B 54 62 101 1.8
C 47 66 88 2.0
D 51 65 90 1.8

Sample Number

From the evaluation index of softening point difference, it can be seen that the high-
temperature storage stability of SBR/PP-modified asphalt with different ratio designs had
a slight change range. The extreme value of test data was 0.4 °C, and the data dispersion
coefficient was 0.083. The results show that the softening point difference had a poor ability
to distinguish the thermal stability of SBR/PP-modified asphalt.

3.2. PG Analysis of SBR/PP Composite-Modified Asphalt

PG is the asphalt performance classification standard in the Strategic Highway Re-
search Program (SHRP) in the United States [30]. The study of PG classification of SBR/PP
composite-modified asphalt has a robust guiding role for its practical application. It
can be seen from the PG grading test results of different modified asphalts (Table 4)
compared with the base asphalt, that the high-temperature PG of SBR/PP composite-
modified asphalt can be increased by up to three grades, and its anti-rutting ability is
significantly improved. With the increase in the rubber-to-plastic ratio, Mgpr:Mpp, the
high-temperature deformation resistance of the modified asphalt decreases, indicating that
the high-temperature mechanical properties of polypropylene plastics are better than that
of styrene-butadiene rubber [31]. After adding a compatibilizer and crosslinking agent,
SBR/PP composite-modified asphalt has the most comprehensive PG range and the best
high- and low-temperature rheological properties.

Table 4. Rheological parameters of PG grading of SBR/PP composite-modified asphalt.

Dynamic Shear Rate 10 Rad/s (1.59 Hz) Bending Creep (BBR, 60 s)

Sample Unaged RTFOT Ageing PAV Ageing PG
Number Temperature/°C G*/sin G*/sin G*ssin Stiffness

emperature /kPa /kPa /Mpa Modulus/Mpa

Temperature/°C Temperature/°C

Virgin 64 1.6 23 25 44 12 57.21 0.38 PG 64-22

asphalt

A (3:7) 82 18 2.7 37 2.7 -6 214.59 0.37 PG 82-16

A (5:5) 82 14 25 34 20 12 200.28 0.33 PG 82-22

A (7:3) 76 17 33 31 1.9 12 174.53 0.39 PG 76-22
B 76 1.6 35 28 36 —18 39.23 0.51 PG 76-28
C 82 17 25 34 1.8 ~12 186.54 043 PG 82-22
D 82 15 24 31 17 ~18 68.84 0.45 PG 82-28
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In order to ensure that the bonding material does not produce fatigue cracking, the
fatigue factor G*-sin 6 at medium temperature should not exceed 5 Mpa [32]. Otherwise,
it is considered that the bonding material is prone to fatigue cracking failure. It can be
seen from Table 4 that, with the increase in the rubber-to-plastic ratio, Mspr:Mpp, the
G*-sin ¢ of the SBR/PP composite-modified asphalt gradually decreases, indicating that
the fatigue cracking risk of modified asphalt decreases with the increase in the proportion
of styrene-butadiene rubber. The addition of the compatibilizer can increase the G*-sin J of
the modified asphalt and weaken the fatigue cracking resistance; when the compatibilizer
and crosslinking agent are added, the G*-sin é of the modified asphalt is the smallest, and
this modified asphalt has the best resistance to fatigue cracking.

The BBR test is mainly used to evaluate the low-temperature performance of as-
phalt [33]. From the test results, when Mspr:Mpp is 3:7, the PG of modified asphalt is the
highest under low-temperature conditions, and the revised asphalt becomes relatively hard
and brittle, and prone to low-temperature cracking. This shows that SBR/PP thermoplastic
elastomer with a low rubber-to-plastic ratio is not conducive to the application of modified
asphalt in the low-temperature setting. In contrast, SBR/PP thermoplastic elastomer with
higher styrene-butadiene rubber content is conducive to improving the SBR/PP composite
modification low-temperature cracking resistance of asphalt. The addition of compatibilizer
can further reduce the low-temperature PG classification of SBR/PP composite-modified
asphalt, which shows that the low-temperature cracking resistance and temperature sensi-
tivity of SBR/PP composite-modified asphalt is relatively good [34], and that cracking does
not easily occur with the sudden drop in ambient temperature.

To sum up, the PG classification of asphalt can be improved by adding SBR/PP ther-
moplastic elastomer to enhance the adaptability of asphalt in high- and low-temperature
environments [35]. When compatibilizers and crosslinkers were added to SBR/PP ther-
moplastic elastomer, the resistance of SBR/PP composite asphalt to rutting was further
improved. The low-temperature performance of the modified asphalt has no significant
negative impact, and the comprehensive rheological performance is relatively the best.

3.3. Stability Analysis of SBR/PP Composite-Modified Asphalt

The creep and deformation recovery characteristics of the SBR/PP composite-modified
asphalt were studied based on the MSCR test, so as to evaluate the difference in the
rheological properties of the top and bottom of the modified asphalt separation tube. The
time—strain curve of the top position of the SBR/PP composite-modified asphalt separation
tube is shown in Figure 2a. It can be seen that, with the increase in the rubber-to-plastic
ratio, the cumulative strain of modified asphalt gradually increases, and the resistance to
deformation gradually weakens. When only the compatibilizer was added to the SBR/PP
thermoplastic elastomer, the strain change amplitude of the modified asphalt on the top
of sample B was not obvious relative to sample A (5:5); when the compatibilizer and the
crosslinking agent were used, the strain amount of modified asphalt on the top of sample
D was slightly lower than that of sample A (5:5).

1200

2400

e ABT)—— AB5) —— A3
T AT A (7:3) — BT~ AES)—— AT

10004 2000 4 ——C —D

800 1600 o

600 1200

Strain(%)
Strain(s)

400 800 -

200 +

0 T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200
Time(s) Time(s)

(a) (b)

Figure 2. MSCR test loading results of SBR/PP composite-modified asphalt at stress levels of 0.1 and
3.2 kPa. (a) Top part of the tube for modified asphalt. (b) Bottom part of the tube for modified asphalt.
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The time-strain curve of the sample at the bottom of the SBR/PP composite-modified
asphalt separation tube is shown in Figure 2b. It displayed that the strain variation amplitude
of the modified asphalt at the bottom of sample A (7:3) was significantly larger than that
of other samples. When a compatibilizer or a crosslinking agent was used, the strain of the
modified asphalt in the bottom position of the separation tube was relatively reduced.

To sum up, the time-strain curves of the SBR/PP-modified asphalt at the top and
bottom of the separation tube are obviously different, which is mainly due to the difference
in the compatibility between asphalt and SBR/PP thermoplastic elastomer with different
proportion design, resulting in extra thermal stability of SBR/PP composite-modified
asphalt [36]. Therefore, it is necessary to further analyze its performance through the
recovery percentage R and the unrecoverable creep compliance Jy.

Figure 3 shows the change in the elastic recovery rate and separation index R of
different modified asphalts. Under the action of low stress, with the increase in the rubber-
to-plastic ratio, the flexible recovery rate of the top part of the separation tube gradually
increases. The addition of compatibilizer can cause the elastic recovery rate of SBR/PP
composite-modified asphalt to be reduced. At the same time, the use of crosslinking agents
has little effect on the elastic recovery rate of SBR/PP composite-modified asphalt. When
a high-stress load is applied, the elastic recovery rate of the bottom sample of sample
A (7:3) decreases, and its separation index R increases significantly, indicating that the
thermoplastic elastomer in the SBR/PP composite-modified asphalt floats and aggregates.
This makes the content of thermoplastic elastomer at the bottom of the tube relatively low,
which causes large deformation under the action of the high-stress load. The deformation
amount should not be recovered. This shows that the recovery rate R index of modified
asphalt mainly reflects the elastic recovery ability of SBR in SBR/PP composite-modified
asphalt. Under the action of low stress, the higher the proportion of SBR, the stronger
its elastic recovery ability. Under the action of high strain, due to the action of multiple
alternating loads, SBR produces displacement damage and ring breakage, which makes it
lose part of its elastic recovery ability.

R (%)

A7)

A(5:5)

EEER 0. of T =0 10 20
1) of Top

BRI R (0.1) of Bottom -E Eg? OIEOE

—B—separation indexR {16 u -2) of Bottom

separation index R

A(7:3) B c D
Sample

(a)

R (%)

A@37)

A(5:5)

A(7:3)

Sample

(b)

—Hl— separation index R 1.6

B

separation index R

Figure 3. R based on different positions of the tube and separation index R for SBR/PP composite-
modified asphalt. (a) Stress levels of 0.1 kPa. (b) Stress levels of 3.2 kPa.

The non-recoverable creep compliance J;;; reflects the cumulative deformation capacity
of the modified asphalt; the smaller the value, the lower the cumulative deformation and
the stronger the deformation resistance. It can be seen from Figure 4 that, with the increase
in the rubber-to-plastic ratio, the deformation resistance of the modified asphalt gradually
decreases under the action of high and low stress, which is mainly due to the low PP
content. This makes the instantaneous strain relatively large, resulting in the irrecoverable
strain being relatively high. It shows that the non-recoverable creep compliance J,;, mainly
reflects the plastic deformation resistance of the PP polymer in the modified asphalt.
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Figure 4. ], based on different positions of the tube and separation index J,,; for SBR/PP composite-
modified asphalt. (a) Stress levels of 0.1 kPa. (b) Stress levels of 3.2 kPa.

From the comparison between Figures 3 and 4, it can be seen that, with the increase in
the rubber-to-plastic ratio, the evaluation of separation index R and separation index [,
show opposite trends. The main reason may be that the two evaluation indexes reflect the
different internal characteristics of modified asphalt. The separation index R mainly shows
the elastic recovery ability of SBR polymer in the modified asphalt. When the SBR content in
the thermoplastic elastomer is high, more SBR floats and aggregates with the thermoplastic
elastomer during high-temperature storage, resulting in a significant improvement in the
elastic recovery ability of the modified asphalt in the top position of the separator, and
increasing the value of the separation index R. For the separation index [, this mainly
reflects the plastic deformation resistance of the PP polymer in the modified asphalt. When
the PP content in the thermoplastic elastomer is low, only a small amount of PP floats and
aggregates with the thermoplastic elastomer, and its contribution to deformation resistance
is negligible, which makes the distinction of the separation index J,, not obvious. On
the other hand, the ageing of asphalt will further reduce the plastic deformation capacity
of the modified asphalt on the top and bottom parts of the separator, making the non-
recoverable creep compliance [, of the modified asphalt on the top and bottom of the
separator relatively small, resulting in a reduction in the value of the evaluation index
separation index J;.

To sum up, the evaluation index separation index R mainly reflects the stability of
polymer SBR in composite-modified asphalt, and the separation index [, mainly reflects
the stability of polymer PP in composite-modified asphalt. Therefore, in view of the
differences reflected by the two evaluation methods, it is necessary to normalize based on
the proportion of composite polymers and further propose a comprehensive separation
index evaluation index [37]:

S1]1701j 51 nr3.2f

E ? 1 0.1i 3.2i E ? 1 -
- IPP] (3)

Pspri
2

separation index =

SIR 1 represents the separation index R under the condition that the applied load is 0.1 kPa;

SIR3, represents the separation index R under the condition that the applied load is 3.2 kPa;

SIJyro.1 represents the separation index J,; under the condition that the applied load is 0.1 kPa;

SIJ .32 represents the separation index J,;» under the condition that the applied load is 3.2 kPa;

Pspr represents the proportion of SBR in SBR/PP thermoplastic elastomer. When i =1,
2,3, Pspr; is 0.3, 0.5, 0.7, respectively; SIR 1; and SIR3 »; are the corresponding separation
index R values, respectively;
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Ppp represents the proportion of PP in SBR/PP thermoplastic elastomer. Whenj=1, 2,
3, Ppp; is 0.3, 0.5, 0.7, respectively; SIuro.1j and SlJnr3.2; are the corresponding separation
index J,,r values, respectively.

Figure 5 shows the separation index of different types of modified asphalt. With the
increase in the rubber-to-plastic ratio, the high-temperature storage stability of composite-
modified asphalt gradually decreases; while the difference between the separation index
values of sample A (3:7) and A (5:5) is slight, the change range of sample A (7:3) is sig-
nificantly increased, and the separation index value of sample A (3:7) increases by 100%.
With the addition of a compatibilizer, the separation index of composite-modified asphalt
decreased by 44%, indicating that its storage stability was improved. In contrast, the
addition of a crosslinker had little effect on the storage stability of composite-modified
asphalt. There was no significant difference in the separation index value compared with
sample A (5:5). In conclusion, the addition of a compatibilizer can significantly reduce the
separation index of SBR/PP-modified asphalt, indicating that the probability of separation
of thermoplastic elastomer is reduced, which can further improve the thermal stability of
SBR/PP composite-modified asphalt.

NN

) 7 7

AG3:7) A(

NN

W

:5) A(7:3) B C
Sample

Figure 5. Separation index for SBR/PP composite-modified asphalt.

3.4. Analysis of Compatibility Mechanism of SBR/PP Composite-Modified Asphalt
3.4.1. Frequency Sweep

Based on the frequency scanning test, the elastic modulus G’ and viscous modulus
G" of SBR/PP composite-modified asphalt were analyzed. The test results are shown
in Figure 2. It can be seen from Figure 6 that, with the increase of load frequency, the
elastic modulus and viscous modulus of SBR/PP composite-modified asphalt gradually
increase, indicating that its high-temperature deformation resistance will be improved
under high-frequency load. This phenomenon brings to mind examples from actual traffic
scenarios, such as asphalt pavements near road intersections and bus stops, as these are
more prone to rutting or deformation in China. The main reason for this is the low speed
of vehicles, the long duration of driving loads, and the increased contact time and area
between vehicles’ tires and the asphalt pavement, which leads to greater deformation of
the pavement material.
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Figure 6. Frequency scanning curve of SBR/PP composite-modified asphalt. (a) Elastic modulus;
(b) Viscous modulus.

In other words, as the frequency of traffic loading (or driving speed) increases, the
modulus of elasticity and viscous modulus of the pavement material gradually increases.
On the contrary, the lower the loading frequency, the smaller the elastic modulus and
viscous modulus of the pavement material. Therefore, the deformation resistance of
pavement materials is relatively weak at low loading frequencies. On the contrary, when
traffic load is applied to asphalt pavement, the longer the load duration, the larger the
cumulative deformation, the smaller the elastic recovery, and the lower the deformation
resistance. Therefore, we think that the relationship curve between elastic modulus and
loading frequency in Figure 6 can theoretically explain this phenomenon.

Under the same load frequency, compared with the base asphalt, the elastic modulus
and viscous modulus of the SBR/PP composite-modified asphalt are greatly improved,
and the high-temperature deformation resistance is improved. With the increase in the
rubber-to-plastic ratio Mspr:Mpp, the elastic modulus and viscous modulus of SBR/PP
composite-modified asphalt gradually decreased, indicating that its high-temperature
deformation resistance was weakened. This is mainly due to the relatively strong mechani-
cal properties of the polypropylene crosslinked structure; the lower its proportion in the
SBR/PP thermoplastic elastomer, the poorer the high-temperature deformation resistance
of the modified asphalt. In hot areas in summer, an SBR/PP thermoplastic elastomer
with a rubber-to-plastic ratio (Msgr:Mpp) of 3:7 may be preferred to change the asphalt.
When the compatibilizer was added, the elastic modulus and viscous modulus of SBR/PP
composite-modified asphalt were further reduced. When a crosslinking agent was added,
the elastic modulus and viscous modulus of SBR/PP composite-modified asphalt were
increased, and the high-temperature deformation resistance was improved.

3.4.2. Cole—Cole Diagram Analysis

The Cole—Cole diagram is an important method to study the rheological behavior of
blended polymers. It represents dynamic viscosity #” (” = G'/w) and loss viscosity 7’
(1" = G"/w), allowing the relationship between the rheological properties of different
polymer composite-modified structures to be studied. Different curve forms represent
a mechanism of relaxation. The relaxation phenomenon in the high-frequency region is
mainly due to the relaxation of the continuous phase, and in the low-frequency region
it is primarily due to the variability of the dispersed phase. This reveals information
on relaxation mechanism and blending uniformity [38,39]. Therefore, in order to better
evaluate the compatibility of SBR/PP thermoplastic elastomer and asphalt, the test analyzes the
compatibility characteristics of modified asphalt through the study of Cole-Cole diagram types,
and the Cole-Cole diagram of general homogeneous system shows a semicircular arc curve.
The Cole—Cole diagram of the two-phase system shows an incomplete semicircular arc curve.
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Figure 7a,b shows the Cole—Cole diagrams of different modified asphalts. The Cole-Cole
diagrams of the matrix asphalt are closest to the semicircular arc curve, mainly because the
base asphalt belongs to a homogeneous system, and there is no significant difference in the
relaxation phenomenon between the high- and low-frequency ranges. With the increase in the
rubber-to-plastic ratio, Mspr:Mpp, the radian of its Cole-Cole diagram gradually decreases.
When the rubber-to-plastic ratio, Mgpr:Mpp, is 3:7, the SBR/PP composite-modified asphalt
tends to form a semicircle, indicating that the system compatibility of the middle two-phase
structure is relatively good. When the rubber-to-plastic ratio, Mggr:Mpp, is 5:5, a “small tail”
appears at the end of the arc shape, which shows the sign of deviation from the semicircle.
When the ratio of rubber to plastic is 7:3, the curved tail shows an obvious hook shape, indicat-
ing that under the condition of this rubber plastic ratio, the composite-modified asphalt shows
different behavior from the homogeneous system, which is due to SBR/PP thermoplastic
elastomer having other interface effects or non-uniform dispersion in the matrix asphalt,
which makes the composite-modified asphalt show two relaxation mechanism phenomena.
The above analysis shows that the compatibility of SBR/PP thermoplastic elastomer with
asphalt is relatively poor. With the increase in the rubber-to-plastic ratio, the tendency of
SBR/PP thermoplastic elastomer to swell and disperse in asphalt is gradually weakened,
which is also consistent with the change rule of the high-temperature (mentioned above)
storage stability of modified asphalt.
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When the compatibilizer is added, it can be seen from the B-arc in the Cole-Cole dia-
gram that the curve basically presents a semicircle shape, indicating that the compatibilizer
can promote the dispersion of the SBR/PP thermoplastic elastomer in asphalt, making the
compatibility of the system relatively the best. When the crosslinking agent is added, the
C-arc in the Cole—Cole diagram basically does not show the shape of the arc, indicating
that the addition of crosslinking agent is not conducive to the dispersion of SBR/PP ther-
moplastic elastomer in asphalt; When compatibilizers and crosslinkers are added at the
same time, the D-arc in the Cole-Cole diagram can also show a better semicircular shape,
and the blend system is relatively uniform.

3.4.3. Microstructure Analysis of SBR/PP Composite-Modified Asphalt

The SBR/PP thermoplastic elastomer exhibited fluorescence when illuminated by red
light, while the asphalt showed no fluorescence reflection. Therefore, the distribution of
SBR/PP thermoplastic elastomer can be identified from the pitch phase. The yellow phase
in the picture represents the SBR/PP thermoplastic elastomer, and the red or dark red phase
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represents the asphalt. For sample A (5:5), it can be seen from Figure 8 that the SBR/PP
thermoplastic elastomer is uniformly distributed in the asphalt matrix in the form of island
particles, and there are relatively many “agglomerated” particles in SBR/PP phase. After
adding compatibilizer, it can be seen from sample B that the phase of SBR/PP thermoplastic
elastomer swells and disperses more fully, and its particle size decreases, mainly because
the compatibilizer in SBR/PP thermoplastic elastomer can reduce the surface tension of
SBR/PP blend polymer, make SBR/PP thermoplastic elastomer more compatible with
asphalt, reduce the occurrence of “agglomeration” of SBR/PP phase, and effectively reduce
the size of the dispersed phase. Thus, the phase structure of modified asphalt changes.
After adding a compatibilizer and crosslinking agent, it can be seen from sample D that the
particle size of SBR/PP thermoplastic elastomer is small, and crosslinking occurs between
particles, which promotes the formation of an interpenetrating network of SBR, PP and
asphalt. Compared with sample B, the degree of crosslinking between particles is more
significant, and the binding with asphalt is optimized.

Figure 8. Fluorescence micrograph of SBR/PP composite-modified asphalt. (a) Sample A (5:5).
(b) Sample B. (c) Sample C. (d) Sample D.

To visually demonstrate the impact of the crosslinking agent on the polymer, a compar-
ative analysis was conducted to study the effects of adding and not adding the crosslinking
agent. Initially, the thermally modified asphalt was passed through a sieve with a pore size
of 1.18 mm to retain a significant amount of polymer residue on the sieve. Subsequently, the
sieve was washed with kerosene three to five times, followed by sampling. The microscopic
structure was then observed using a fluorescence microscope. As shown in Figure 9, the
macromolecular chains of SBR/PP with long-chain structures will be broken by strong
mechanical shearing force and thermochemical energy during the preparation process.
In Figure 9¢c, the presence of the crosslinking agent leads to a polymer phase structure
that tends more towards continuous crosslinking. This phenomenon aids in reinforcing
the network structure of the SBR/PP thermoplastic elastomer, increasing the degree of
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particle crosslinking. During the asphalt swelling process, it facilitates the formation of
a three-dimensional crosslinked network, thereby significantly improving its rheological

performance and high-temperature stability.

Crosslinking agent Control group
Sample A (5:5)

V\(\/\/M/V \AN\ANNAANNNNNN
S s‘ S's

VMM AVAVAVAVAAAAYS
Mechanochemical energy Thermochemical energy

Polymer main chain,
cross-linking bond coupling,
molecular chain extension

N [,

Figure 9. Action mechanism of SBR/PP thermoplastic elastomer modified asphalt.
(a) SBR/PP residual polymer extracted from modified asphalt. (b) Microstructure image of SBR/PP-
modified asphalt extracted polymer after mechanical stirring for 20 min. (c) SBR/PP polymer
extracted from sample C. (d) Microstructure image of SBR/PP polymer extracted from sample B.

Free radical capping,
molecular chain lowering

To sum up, the addition of SBR/PP thermoplastic elastomer can change the phase
transition structure of an asphalt system, under the condition of using a compatibilizer
and a crosslinking agent. It can improve the continuity and compatibility of SBR/PP
thermoplastic elastomer in asphalt, which is also consistent with the Cole-Cole diagram
analysis of modified asphalt. The reasons for the improvement of high-temperature storage
stability and rheological properties of modified asphalt were further explained after SBR/PP
thermoplastic elastomer and asphalt were crosslinked to form a network structure. At the
same time, the three-dimensional network structure plays a reinforcing role in the whole
system, so that the modified asphalt has better anti-cracking ability at low temperatures
and anti-deformation ability at high temperatures, which reflects the compound effect of
styrene-butadiene rubber and polypropylene. In future studies, environmental ageing
phenomena and the result of stimulated weathering conditions tests and wheel track tests
will validate the long-term performance of modified asphalt pavements.

4. Conclusions

In this study, the performance optimization effect is based on the principle of melt
blending. Firstly, SBR/PP thermoplastic elastomer particles were prepared using plasticizing
technology to study the influence of different rubber plastic ratios on the thermal stability of
SBR/PP thermoplastic elastomer-modified asphalt. Through the multi-stress creep recovery
test, the evaluation method of the thermal stability of modified asphalt was designed, and the
comprehensive separation index evaluation index was proposed. Finally, the compatibility
between SBR/PP thermoplastic elastomer and asphalt was studied using the Cole-Cole
diagram and microstructure image, and its modification mechanism was analyzed in detail.
According to the test results in this study, the following conclusions can be drawn.
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The SBR/PP thermoplastic elastomer particles prepared by plastic refining technology
can improve the rheological properties of asphalt. The ratio design tests show that different
rubber-to-plastic ratios have significant effects on the thermal stability of modified asphalt.
The high-temperature thermal stability gradually decreases with the increase of the propor-
tion of SBR in the composite polymer, up to 100%. After the use of additives, it can promote
the homogeneous dispersion and good network structure of SBR/PP thermoplastic elas-
tomer in the asphalt system, enhance the compatibility of the three-phase structure, and
improve the high-temperature storage stability of SBR/PP composite-modified asphalt.

Based on the multi-stress creep recovery test, the design evaluation index, separation
index R, mainly reflects the stability of polymer SBR in the composite-modified asphalt.
In contrast, the separation index [, mainly reflects the stability of polymer PP in the
composite-modified asphalt. Through the normalization of the composite polymer per-
centage, and then putting forward a comprehensive thermal stability evaluation index
separation index, the evaluation index—by optimizing the influence of different polymers
on asphalt performance weights to equalize their contribution—can more reasonably reflect
the overall changes in the composite-modified asphalt high-temperature storage stabil-
ity law. This allows composite-modified asphalt thermal stability evaluation to provide
scientific guidance.

The Cole-Cole plot analysis shows that the compatibility of modified asphalt has some
correlation with the degree of semicircular arc of the Cole-Cole plot. The more significant
its semicircular arc curve, the better the compatibility and homogeneous dispersion effect
of SBR/PP particles and asphalt. Its analysis conclusion is also consistent with microstruc-
ture analysis, which can be used as a reference evaluation index of thermal stability of
composite-modified asphalt, and to strengthen the joint analysis between microstructure
characterization information and mechanical property parameters, which helps to improve
the quality control of SBR/PP composite-modified asphalt.
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