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Strong ultraviolet light and low-temperature are the typical environmental characteristics in high-altitude areas. The performance of
SBS-modified asphalt in the above environmental characteristics needs further study. To improve the resistance ultraviolet (UV)
ageing and low-temperature performance of copolymer- (SBS-) modified asphalt, an SBS-modified asphalt containing nano-ZnO
and nano-TiO, is proposed. In this paper, nano-ZnO, nano-TiO,, and SBS were used as modifiers with the silane coupling agent (KH-
560) as the nanomaterial surface modification. The orthogonal test table was used to analyse the effects of the three modifiers on the
physical properties of modified asphalt at different dosages. On this basis, the physical properties, low-temperature properties, and
ageing indices (carbonyl index and sulfoxide index) were studied for base asphalt, SBS-modified asphalt, nano-ZnO/SBS-modified
asphalt, and nano-ZnO/nano-TiO,/SBS composite-modified asphalt before and after photoaging. The content changes of char-
acteristic elements (Zn and Ti) in the nano-ZnO/nano-TiO,/SBS composite-modified asphalt before and after ageing were studied by
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), and the UV ageing mechanism was revealed. The
results indicate that two nanoparticles show the best compatibility with asphalt after surface modification and can improve the
binding ability between SBS and base asphalt. The orthogonal test analysis shows that nano-ZnO has a highly significant effect on the
low- and high-temperature performance of the nano-ZnO/nano-TiO,/SBS composite-modified asphalt, and nano-TiO, has a
significant effect on the high-temperature performance. Three optimal composite-modified systems for base asphalt including 4%
nano-Zn0O/1.5% nano-TiO,/3.2% SBS were proposed and had the best antiaging ability. Compared with the sulfoxide index, the
carbonyl index changed most obviously before and after ageing. Additionally, the results reveal that nano-TiO, has a good absorption
effect at a wavelength of 365 nm (ultraviolet light), while nano-ZnO is liable to photolysis, and its activity decreases at this wavelength.

1. Introduction

In highway pavement engineering at high altitudes, the
styrene-butadiene-styrene (SBS) block copolymer-modi-
fied asphalt is mostly used as a binder in the surface layer.
Due to the long-term exposure to intense ultraviolet light,
the ultraviolet (UV) ageing of SBS-modified asphalt tends
to be photooxidation ageing [1-3]. Compared with the UV
ageing of the base asphalt, the SBS-modified asphalt is
affected by the base asphalt and SBS modifier; for example,
the content of asphaltene depends on the synergistic effect
between them [4-6]. During the ageing process, butadiene

in SBS copolymers is degraded, the base asphalt is oxi-
dized, and the ageing indices (sulfoxide index and car-
bonyl index) gradually increase. SBS modifier degradation
could slow down the aging reaction of matrix asphalt, and
the matrix asphalt could also play a role in the protection
of the SBS modifier. Their interaction can effectively delay
the ageing rate of SBS-modified asphalt [5, 7]. However,
due to the considerable difference in physical properties
between SBS copolymers and base asphalt [7, 8], the
compatibility and dispersion of SBS-modified asphalt are
generally poor, which affects the ageing resistance of the
modified asphalt.
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Currently, nanomaterials have been widely used due to
their unique properties in improving the properties of as-
phalt. For example, Li et al. reported the effect of nano-ZnO
with modified surface on the physical and anti-UV ageing
properties of base asphalt and found that the surface-
modified nano-ZnO obviously increased the softening point,
viscosity, and ageing resistance of binder, as well as im-
proving the ductility of bitumen [9]. Zhu investigated the
effect of nano-ZnO on pavement performance of SK-70 base
asphalt through differential scanning calorimetry (DSC),
dynamic shear rheometer (DSR), and Brinell viscometer,
and the results showed that nano-ZnO could improve sig-
nificantly the low-temperature ductility, high-temperature
rutting resistance, and ageing resistance of asphalt [10].
Another study by Liu et al. showed that the dispersion
stability of nano-ZnO in bitumen was improved by surface
modifiers and could improve the anti-UV properties of
asphalt [11]. Fang et al. concluded that the low-temperature
anticracking properties had been improved significantly by
adding nano-ZnO particles into asphalt [12]. Zheng et al.
study showed that addition of nano-TiO, could improve
UV-aging resistance of asphalt, with no obvious influence on
low-temperature rheology [2]. Xu et al. indicated that nano-
ZnO as an additive could improve the softening point,
ductility (5°C), rheological properties, and fatigue perfor-
mance of base asphalt [13]. Wang et al. conducted research
on the effect of inorganic nanoparticles (nano-SiO,, nano-
TiO,, and nano-ZnO) combined with organic expanded
vermiculite (OVEMT) on asphalt binder and showed that
other multiscale nanocomposites made the continuous
PG grading temperature lower than base asphalt on the
low-temperature property, except for 1% OVEMT plus 3%
nano-SiO, [14]. Kleiziené et al. reported that nanoparticles
(nano-SiO,, nano-TiO,, and nano-ZnO) as modification
additive have the potential to enhance the complex shear
modulus and reduce the phase angle of base asphalt, and the
excessive amount of nanomaterials might result in the lower
asphalt binder resistant to fatigue [15]. Saltan et al. indicated
that the addition of zinc oxide nanoparticle (ZnONP) was
able to improve permanent deformation and the resistance
to thermal cracking compared to the neat bitumen [16].
Nazari et al. illustrated that the addition of nano-TiO,
nanoparticles improved the aging resistance of asphalt
binder [17]. Zhang and Zhang suggested that the ductility at
10°C of modified bitumen with nano-ZnO surface modifi-
cation increased about 12 cm and the anti-UV aging ability
enhanced significantly compared to those of base asphalt
[18]. Hamedi et al. showed that the nano-ZnO was highly
improved on the adhesion of asphalt-aggregate in wet
conditions [19]. Moreover, many researchers studied the
effect of the content or types of nanomaterial on the per-
formance of asphalt. Salton et al. evaluated the effect of the
content of zinc oxide nanoparticles (nano-ZnO) on per-
manent deformation of modified asphalt; the results showed
that 5% modification had the best performance [16]. The
study of Zhu et al. illustrated that 3% nano-ZnO and 1%
organic expanded vermiculite (OEVMT) could improve the
shear deformation resistance and elastic behavior of SBR
modified asphalt [20]. Azarhoosh et al. analysed hot mix
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(HMA) asphalt containing 1%, 3%, 5%, and 7% of nano-
ZnO mixed with bitumen 85/100. The results showed that
fatigue life of mixtures containing nano-ZnO was higher
than those of the control mixtures due to improved cohesion
energy and higher resistance to fatigue cracking in asphalt
[21]. In order to examine the role of nanomaterial in the
ageing process of asphalt, Zhang and Zhang further found
that the improved anti-UV aging performance could be
attributed to the shielding function of inorganic nano-
particles to UV radiation [5, 18, 22]. In addition, many
researchers extensively studied the properties of nano-TiO,
modified asphalt. For example, Azarhoosh et al. found that
nano-TiO, could increase the surface-free energy of asphalt,
which had greater adhesion energy with the aggregate [21].
Marinho et al. evaluated the effect of nano-TiO, as modifiers
to improve the rutting resistance and alleviate the fatigue
cracking of asphalt mixtures [23]. The results showed that
3% nano-TiO, effectively increased the fatigue life and re-
sistance to permanent deformations. Qian et al. reported
that the 5% nano-TiO, asphalt mixture exhibited an NO,
degradation productive effect under UV irradiation to re-
duce environmental pollution [24]. Ye and Chen reported
the effect of nano-TiO, particles on the temperature
properties of AH-70 base asphalt and found that the soft-
ening points of the modified asphalt with 0.5% nano-TiO,
increased by 5°C, and the ductility at 5°C decreased by
approximately 22.5mm compared to those of base asphalt
[25]. Sun et al. showed that nano-TiO, modified asphalt had
more stable ductility and a smaller softening point changing
ratio than the base asphalt, and thus, nano-TiO, particles
actively enhanced the photooxidation resistance of asphalt,
and the nano-TiO, modified asphalt could resist UV ageing
[26]. In a word, adding appropriate amount of nano-
materials can effectively improve the physical properties and
rheological properties of base asphalt, but the special en-
vironmental characteristics in high-altitude areas need the
higher performance of nanomodified asphalt.

The compatibility between base asphalt and copolymer
SBS has a strong effect on the low-temperature performance
of the modified asphalt [8]. However, nanomaterials can
significantly improve the compatibility between polymer
and base asphalt. Therefore, many researchers have pay
attention to the performance of nanomaterial/polymer
modified bitumen. For example, Kang et al. [27], Xiao and Li
[28], and Fang et al. [29] found that the nano-ZnO could
promote even dispersion of SBS in asphalt, which reduced
the free energy of SBS fine particles and improved the ad-
hesion ability of SBS and asphalt interface. Zhang et al.
studied the effects of nano-ZnO, nano-TiO,, and copolymer
SBS on the high- and low-temperature properties for SK-70
base asphalt and the dispersion role of nanomaterials be-
tween copolymers and base asphalt. Their results indicated
that nanomaterials could effectively improve the dispersion
of copolymer SBS and significantly enhanced the high- and
low-temperature properties of modified asphalt [30]. Zhang
et al. discussed the influence of the multidimensional
nanomaterials composed of 1% organic expanded vermic-
ulite (OEVMT) plus 2% nano-TiO,, 2% nano-SiO,, or plus
2% nano-ZnO on rheological performance of SBS-modified
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asphalt (SBSMA) and found that other two multidimen-
sional nanomaterials improved rutting performances and
increased thermal cracking resistance of SBSMA except for
1% OEVMT plus 2% nano-SiO, [31]. Fang et al. discussed
the influence of nanomaterials (nano-TiO,, nano-SiO,, and
nano-ZnO) and isocyanate on performance of base asphalt
[12]. Wang et al. showed the influence of the multidi-
mensional nanomaterials composed of 1% organic expanded
vermiculite (OEVMT) plus 2% nano-TiO,, 2% nano-SiO,,
or plus 2% nano-ZnO on rheological performance of asphalt
and asphalt mixture and found that the multidimensional
nanomaterials increased the high-temperature properties
and decreased the low-temperature continuous grading [14].
Therefore, the addition of nanomaterials (nano-TiO, or
nano-ZnO) has improved the physical performance and
rheological performance; however, the research on the effect
of the interaction between nano-TiO, and nano-ZnO on the
properties of modified asphalt is not perfect.

In the above studies, many researchers focused on the
effect of nanomaterials or copolymer SBS on the properties of
asphalt. There has been no perfection of nanomaterial/co-
polymer SBS in high-altitude areas, especially with respect to
the UV antiageing properties of SBS-modified asphalt with
the same dimensional different nanomaterials compound
modified. Therefore, nano-ZnO, nano-TiO,, and copolymer
SBS were used to modify AH-90 base asphalt. The optimum
content nanomaterial/copolymer SBS for AH-90 base asphalt
was selected through physical property tests. Then, the effect
of the nanomaterial on the durability properties was studied
by beam bending rheometer (BBR) tests and UV ageing test.
Furthermore, the morphology, modification mechanism, and
UV ageing mechanism of nanomaterial/copolymer SBS were
studied by optical microscopy, scanning electron microscopy
(SEM), and Fourier transform infrared (FTIR).

2. Raw Materials and Experiments

2.1. Raw Materials. The base asphalt AH-90 in this paper
was provided by Pengsheng Asphalt Co. Ltd. (Henan
province, China), and its physical properties are shown in
Table 1. The physical properties of nano-ZnO and nano-
TiO, are shown in Table 2. The properties of copolymer SBS
are shown in Table 3.

Methacryloxypropyltrimethoxysilane  (CoH,0O5Si; KH-
560) is a type of surface modification in the field of composite
materials [9, 22, 32]. In this study, methacryloxypropyl-
trimethoxysilane was diluted with distilled water and methanol.
The concentration of methacryloxypropyltrimethoxysilane was
20% of the mixing suspensions by weight.

2.2. Preparation of Modified Asphalt. Considering the related
research results [9, 13, 28, 30, 32, 33], the modified asphalt
was prepared as follows. Firstly, the nanomaterials were
placed in a vacuum drying chamber at 80°C for 240 minutes,
and the base bitumen was heated to 140°C. Secondly,
nanomaterial was added in the mixing suspension according
the mass fraction and blended at 25°C for 30 minutes; the
rotating speed gradually reached 2000 rpm, and the modified

nanomaterials were placed in an air blast drying chamber at
130°C for 120 minutes. Thirdly, in order to give full play to
the characteristics of nanomaterial and improve the dis-
persion effect of SBS in base asphalt [22, 28, 32], appropriate
amounts of modified nanomaterials were added into the
melt base asphalt and mixed for 120 min with the precision
magnetic mixer at 4000 rpm; then, the nanomaterial-mod-
ified asphalt was obtained. Fourthly, appropriate amounts of
copolymer SBS were added into the nanomaterial-modified
asphalt, and the temperature was increased to 180°C for 40
minutes using a high-speed shearing machine with the
rotational speed of 4500 rpm. Then, the composite-modified
asphalt was put into an oven for 120 minutes to well mix the
nanomaterial/copolymer SBS-modified asphalt.

2.3. Experimental Design

2.3.1. Orthogonal Experimental. The orthogonal experi-
mental design (OED) can strongly decrease the experiment
quantity and increase the work efficiency [30, 34]. Hence, the
OED method was used to analyse the effect of these mod-
ifiers. According to the existing research results
[2,5,9, 10, 13, 22, 30, 31, 33], the nano-ZnO content in the
base asphalt was selected as 3 wt%, 4 wt%, and 5 wt%, and the
nano-TiO, content in the base asphalt was selected as 0.5 wt
%, 1.5wt%, and 3 wt%; then, the copolymer SBS content in
the base asphalt was selected as 2.7 wt%, 3.2 wt%, and 3.7 wt
%. This experimental scheme is shown in Table 4.

2.3.2. UV Aging Test. To simulate UV irradiation in high-
altitude areas, the UV ageing environment oven was
designed. The 1000 W high-pressure mercury lamp was a
simulated UV light source, and its performance parameters
are shown in Table 5. The main spectrum of the high-
pressure mercury lamp is 365.0 nm wavelength ultraviolet
light, and its wave had the most obvious ageing effect on the
asphalt binder [35, 36]. To prevent the asphalt from thermal
ageing and maintain it at 35°C in the UV ageing oven, the
200 W axial flow blower was used to supply sufficient cold
air, and the 100 W exhaust fan in the top of the oven was
used to discharge warm air [37, 38]. The average UV density
on the sample surface was approximately 370 W/m”.

The UV ageing samples were prepared as follows. Firstly,
the thin-film oven test (TFOT) was implemented according
to the Chinese Standard Test Methods of Petroleum Asphalt
Film Oven Test (JTG E20-2011) [39]. Secondly, the asphalt
specimens aged by the TFOT were put into the preheated
silica gel abrasive tool with a 140 mm inner diameter and a
1 cm depth to prepare a thin asphalt film with the thickness
of approximately 3.2 mm, which was cooled to the sample
temperature. Finally, the asphalt specimens were put into the
UV ageing oven for 10 days.

2.4. Test Method

2.4.1. Physical Property and BBR Test. The physical prop-
erties of all tested asphalts in this paper, including softening
point, penetration (5°C), and ductility (5°C), were tested
according to the standard test methods in China test
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TaBLE 1: Physical properties of base asphalt.
Property AH-90
Penetration (25°C, 100g, 55)/(0.1 mm) 88
Softening point Trgp (C) 46
Ductility (15°C, 5 cm/min) (cm) >100
Mass loss (%) 0.40
After RTFOT 163°C, 85 min Penetration ratio of 25°C (%) 60.0
Ductility (15°C, 5cm/min) (cm) 12.8

TABLE 2: Properties of nano-ZnO and nano-TiO,.

Molecular formula SSA (m?/ 2) Crystallite size (nm) Purity (%) Color Crystal form
ZnO >35 30 95 Light yellow —
TiO, >30 20 99 White Rutile type

TaBLE 3: Physical properties of SBS copolymer.

Structures S/B (mass Tensile strength 300% constant stress Tensile elongation  Tensile permanent deformation
ratio) (MPa) (MPa) (%) (%)
Linear 30/70 15.0 2.0 700 30
TaBLE 4: Design of orthogonal experimental.
Factors

Test number A B C

Nano-ZnO (%) Nano-TiO, (%) SBS (%)
1 3.0 0.5 2.7
2 3.0 1.5 3.2
3 3.0 3.0 3.7
4 4.0 0.5 3.2
5 4.0 1.5 3.7
6 4.0 3.0 2.7
7 5.0 0.5 3.7
8 5.0 1.5 2.7
9 5.0 3.0 3.2

TaBLE 5: Technical parameters of 1000 W high-pressure mercury lamp.
Photoelectric parameters Geometric parameter
Types . Wavelength (nm)
Power (W) Voltage (V) Current (A) Length (mm) Diameter (mm)

GY-1000 1000 135 8.1 225 25 365

specification JTG E20-2011 [39]. According to AASHTO
T313-12 [40], the low-temperature performance of the
modified asphalt was evaluated at —12°C, —18°C, and -24°C
in the bending beam rheometer (BBR) test.

In order to further evaluate the UV ageing resistance of
modified asphalt, combining the results of softening point
test, ductility (5°C), and BBR test, the increases in softening
point (AT), ductility retention rate (Kp), and creep stiffness
ageing index (SAI) are often used to evaluate the UV ageing
degree, which can be calculated using equations (1)-(3):

AT = Aged softening point — Unaged softening point,
(1

Aged ductility value

b= Unaged ductility value’ @

Saged - Sunaged

SAI = % 100. (3)

unaged

2.4.2. Micromorphology Characterization. The micromor-
phologies of the AH-90 base asphalt, copolymer SBS-mod-
ified asphalt, nanomaterial-modified asphalt, and optimal
nano-ZnO/nano-TiO,/copolymer SBS-modified asphalt are
evaluated by scanning electron microscopy (SEM). Both zinc
and titanjum percentages in the optimal nano-ZnO/nano-
TiO,/copolymer SBS-modified asphalt were analysed by SEM
and energy dispersive spectrometry (EDS). Its morphologies
were observed using an optical microscope before and after
the UV ageing. The preparation process of the micromor-
phology test sample is as follows: each sample to be tested of
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fluid asphalt is put into the silica gel abrasive tool with a
thickness of about 1 mm. The silica gel abrasive tool was
cooled down to room temperature and then 3 samples of
5x 5mm? from different places of the silica gel abrasive tool
to ensure repeatability of the result. The above samples are
gold coated through the special machine, and then imaging
from the section of base and modified asphalt is performed by
SEM.

2.4.3. Microstructure Characterization. Nano-ZnO and
nano-TiO, were characterized by FTIR before and after the
modification. The modification mechanism of the com-
posite-modified asphalt was also analysed; the scan was from
400cm™ to 4000cm™' at a resolution of 4cm™'. The
preparation process of the FTIR test sample is as follows:
firstly, a certain amount of dried potassium bromide (KBr)
powder was pressed into sheet with good transparency
through the table t machine. Secondly, the C,S solution with
5% asphalt was dropped onto the potassium bromide plate.
Finally, the plate is placed into the apparatus for scanning,
when the C,S solution in the tablet is completely volatilized.
Each asphalt is prepared 3 samples, and each sample is
scanned 3 times.

Carbonyl group C=0O and sulfoxide group S=O were
monitored to characterize the UV ageing degree of asphalt
[41, 42]. FTIR was further used to monitor these functional
groups. The areas of the carbonyl and sulfoxide contents
(approximately 1600 cm ™" and 1030 cm ™) were divided by
the entire area between 2000 and 600 cm™" to calculate the
carbonyl index and sulfoxide index using formulas (4) and
(5) [37, 38, 41, 42]:

I = Area of carbonyle band centered around 1600 cm™!
€=0 7 ¥ Area of spectral bands between 2000 and 600 cm~""
(4)

Area of sulphoxide band centered around 1030 cm™!

I o = .
$=0 7§ Area of spectral bands between 2000 and 600 cm ™!
(5)

3. Results and Discussion

3.1. Proportion of Nano-ZnO/Nano-TiO,/Copolymer SBS-
Modified Asphalt

3.1.1. Analysis of Range (ANOR). The effects of nano-
particles and polymer modifier on physical properties of
AH-90 base asphalt are shown in Table 6. Compared with
base asphalt, both the softening points and ductilities of nine
formulations have also increased markedly, and the pene-
trations decrease significantly. It indicated that the base
asphalt is enhanced in high-temperature performance and
low-temperature ductility after adding nanoparticles and
polymer modifier. Softening point used to describe the high-
temperature performance of asphalt is one of the indexes in
most countries. Compared with the base asphalt, the soft-
ening point of test number 5 modified asphalt is increased
the most obviously, reaching 76.0°C, which is increasing by

30°C. Xu et al. indicated that the softening point value of
modified asphalt increased about 56°C when the nano-ZnO
dosage was 4.0% in base asphalt [13]. And Qian et al. showed
that the rutting factor of SBS-modified asphalt with 1%
nano-TiO, increased about 2.5kPa at 76°C [24]. Zhang
Hongliang et al. indicated that the rutting factor of 3.0%
nano-Zn0/0.5% nano-TiO,/3.7% SBS-modified asphalt at
88°C is 2.2 kPa which is above the limit (1.0 kPa) provided by
AASHTO [30]. Therefore, the suggested asphalt formula
meets the requirements of high-temperature stability.
Compared with the base asphalt, the ductilities of 9 for-
mulations increase by 16.1 cm at least. Qian et al. [24] and
Ma et al. [43] showed that nano-TiO, had no significant
effect on the low temperature of base asphalt before UV
aging. This may be attributed to the addition of nano-ZnO
and polymer SBS [13, 24, 30, 43].

In general, a larger R; indicates a more significant factor
level [34]. As presented in Table 6, the relationship of the
effects of the three modifiers on the physical properties is
nano-ZnO > copolymer SBS >nano-TiO, according to the
climate characteristics in high-altitude areas. The blank
column R; is much smaller than all factors, which implies
that the above orthogonal test is reasonable.

3.1.2. Analysis of Variance (ANOVA). The ductility is the
preferred indicator of the asphalt pavement performance in
high-altitude areas in accordance with the Technical Spec-
ifications for Highway Asphalt Pavement Construction (JT]
F40-2004) [44]. As presented in Table 7, factor A (nano-
ZnO) is highly significant, factor C (copolymer SBS) is
significant, and factor B (nano-TiO,) has no effect on the test
results. Thus, the addition of nano-ZnO in copolymer SBS-
modified asphalt has improved the ductility in high-altitude
areas. In addition, the effect ranking of the ductility prop-
erties is nano-ZnO > copolymers SBS > nano-TiO2, and the
effect ranking of the softening point properties is nano-
ZnO > copolymers SBS > nano-TiO..

The optimal level of selection factors is related to the
required indicators. The larger the indicator is, the better it is
and the larger the indicators should be, namely, the largest
level in each column R;j, R5j, and Rj; otherwise, if the smaller
the indicator is, the better it is, the lowest level should be
selected [45]. In high-altitude areas, asphalt binder is re-
quired to have good low-temperature performance and, at
the same time, ultraviolet aging resistance. As presented in
Tables 7 and 8, 4% nano-ZnO and 3.2% copolymers SBS have
significant effects on the low-temperature properties of
asphalt. And Zhang et al. [31] and Liang and Lv [46] in-
dicated that the best content of nano-TiO, in improving the
antiultraviolet aging ability of base asphalt or modified
asphalt was 1%-2%. Therefore, the optimal proportions of
nano-ZnO, nano-TiO,, and copolymer SBS in the base as-
phalt are determined as 4% nano-ZnO, 3.2% copolymer SBS,
and 1.5% nano-TiO,.

3.2. Evaluation on of Nano-ZnO/Nano-TiO,/Polymers SBS-
Modified Asphalt in Low-Temperature Properties. In high-
altitude areas, the annual temperature is lower, so the asphalt
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TaBLE 6: Test results and calculation analysis.

Factor Test results y;
Test number A B c b
Column number Softening point (°C) Ductility (cm) Penetration (0.1 mm)
1 2 3 4
1 3.0 0.5 2.7 58.2 32.8 51.7
2 3.0 1.5 3.2 65.7 349 49.8
3 3.0 3.0 3.7 60.3 33.8 51.2
4 4.0 0.5 3.2 74.8 36.2 45.1
5 4.0 1.5 3.7 76.0 35.7 46.2
6 4.0 3.0 2.7 68.4 34.3 47.5
7 5.0 0.5 3.7 67.6 31.0 49.4
8 5.0 1.5 2.7 64.2 29.5 50.1
9 5.0 3.0 3.2 66.5 30.6 49.6
Ky 184.2 200.6 190.8 200.7
. . o Ks; 219.2 205.9 207.0 201.7 T = Z?:l y; = 601.7,
Softening point (C) " Jog3 1952 2039 1993 7 =T/9 = 66.86
R 11.67 3.57 5.40 0.8
Ky 101.5 100.0 96.6 99.1
. Ky 1062 1001 1017  100.2 T=Y7 y =298,
Ductility (cm) Ky 911 987 1005  99.5 7 =T/9 = 33.20
R 5.03 0.47 1.30 0.37
Ky 152.7 146.2 149.3 147.5
. K; 1388 1461 1445 1467 T =37,y = 440.6,
Penetration (mm) Ky 1492 1483 1468 1464 7 = T/9 = 48.96
R; 4.63 0.70 1.60 0.37
Note. “D” means blank column.
TaBLE 7: Variance analysis of different influencing factors.
Source Square df Mean square F Fi_.(2,2) Significance
Nano-ZnO 206.740 2 103.370 213134 .
. e Nano-TiO, 19.080 2 9.540 19.670 - *
Softening point (‘C) SBS 49.300 2 24.650 50.825 Fio0s (2,2)=19.00 -
Error 0.970 2 0.485
Nano-ZnO 39.810 2 19.905 189.571 *
0 Nano-TiO, 0.410 2 0.205 1.952 ~
Ductility (cm) SBS 4740 2 2.370 22.571 Fi-0.05 (2, 2)=19.00 .
Error 0.210 2 0.105
Nano-ZnO 33.100 2 16.550 236.429 *
. Nano-TiO, 0.920 2 0.460 5.800 ~
Penetration (mm) SBS 3,390 ) 1.695 24214 Fy_o.05 (2, 2)=19.00 B
Error 0.140 2 0.07
TaBLE 8: Test results of base asphalt and modified asphalt before and after UV ageing.
Unaged Aged .
Asphalt type . . . . . o Kp (%) AT (°C)
Ductility (cm) Softening point (°C) Ductility (cm) Softening point (°C)
4# modified asphalt 34.2 75 30 79.1 87.72 4.1
3# modified asphalt 32.7 64.9 25.9 71.8 79.20 6.9
2# modified asphalt 31.3 65.5 23.9 76.1 76.36 10.6
1# base asphalt 7.9 49.8 0.3 63.9 3.80 14.1

pavement must have better low-temperature stability than
other regions [2]. Therefore, this paper has focused on the
low-temperature creep behaviour of base asphalt (1#), 3.2%
SBS-modified asphalt (2#), 4% nano-ZnO +3.2% SBS-
modified asphalt (3#), and 4% nano-ZnO +1.5% nano-
TiO, +3.2% SBS-modified asphalt (4#) to evaluate the

cracking resistance using the bending beam rheometer
(BBR). The creep stiffness (S) and creep rate (m) are shown
in Figure 1 at three temperatures of —12°C, —18°C, and
-24°C.

The results in Figure 1 reveal that the creep stiffness S of
the modified asphalt decreases, while the creep slope m
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FIGURE 1: Low-temperature properties of base asphalt and modified asphalt. (a) Creep stiffness (S). (b) Creep (m).

increases with the addition of nanomaterials. Thus, the
modified asphalt has better low-temperature performance
than the base asphalt. Compared with modified asphalt 2#,
modified asphalts 3# and 4# have better resistance to low-
temperature cracking, but 4# has no obvious change after the
addition of nano-TiO,. This result is consistent with the
orthogonal test result analysis.

3.3. Mechanism of Nano-ZnO/Nano-TiO,/Copolymers SBS-
Modified Asphalt

3.3.1. Micromorphology. To explore the mechanism of the
nano-ZnO/nano-TiO,/copolymer SBS-modified asphalt, the
microstructures of 4% nano-ZnO modified asphalt and
surface-modified nano-ZnO modified asphalt were char-
acterized by SEM in addition to the base asphalt (1#), 3.2%
SBS-modified asphalt (2#), and 4% nano-ZnO + 1.5% nano-
TiO, +3.2% SBS-modified asphalt (4#). These results are
shown in Figure 2.

As presented in the nano-ZnO modified asphalt
(Figures 2(a) and 2(b)), modified nano-ZnO is more evenly
dispersed in the matrix asphalt, the particle size is ap-
proximately 32 nm, and the agglomeration phenomenon is
obviously weakened. Compared with the morphology of the
base asphalt (Figure 2(c)), the morphology of the copolymer
SBS-modified asphalt (Figure 2(d)) exhibits floccules of
particulate matter with small agglomerate because of the
swelling effect of the copolymers SBS after it was absorbed
into the oil of the base asphalt, which implies the poor
compatibility of copolymer SBS and base asphalt. However,
the morphology of copolymer SBS is improved with the
addition of nanomaterial (Figures 2(e) and 2(d)), which
shows that the copolymer SBS matter decreases in size and is
more evenly distributed in the base asphalt. This result is
caused by the nanometer size effect of nanoparticles. On one
hand, nanoparticles with the active surface area have a
strong binding ability to copolymer SBS and base asphalt.
On the other hand, the interfacial structure of the

nanomaterials, copolymer SBS, and base asphalt can effec-
tively inhibit the movement of macromolecules to greatly
improve the fracture toughness of the base bitumen
[28, 30, 33].

3.3.2. FTIR. As presented in Figure 3, the absorption peak
at 450cm ™' and the wide absorption peak at 700cm™'
result from the Zn-O stretching vibration in the nano-
7ZnO lattice and the vibration of Ti-O-Ti in the nano-TiO,
lattice, respectively. After the surface modification of KH-
560, nano-ZnO and nano-TiO, have evident absorption
peaks at 2941 cm™! and 2864 cm™', which belong to the
asymmetric stretching vibration and symmetric stretching
vibration of ~-CH, with KH-560. Thus, KH-560 has been
successfully connected to the surface of nano-ZnO and
nano-TiO,.

Figure 4 shows the characteristic peak from base as-
phalt (1#), 3.2% copolymer SBS-modified asphalt (2#), 4%
nano-Zn0/3.2% copolymer SBS-modified asphalt (3#),
and nano-ZnO/nano-TiO,/copolymer SBS-modified as-
phalt (4#). Compared with the FTIR spectrum of 1#, the
3.2% copolymer SBS-modified asphalt (2#) has no new
characteristic peak, except for the characteristic peak of
polystyrene at 698 cm ™' and butadiene at 966 cm™", and it
is only a difference in transmission. Therefore, the
physical reaction plays the primary role between copol-
ymer SBS and base asphalt. The FTIR of nanomaterials
(Figure 3) and modified asphalts 3# and 4# (Figure 4)
shows that the absorption peak at 3440cm™' corre-
sponding to the hydroxyl stretching vibration in these
nanomaterials disappears, and the transmission of these
characteristic peaks produces a larger deviation at ap-
proximately 1000 cm™' and 400 cm™". Sun et al. indicated
that chemical reactions occurred between different sub-
stances, and the spectra of the mixtures greatly deviated
from those of several components [47]. Therefore, the
chemical reactions occurred between both nanomaterials
and the base asphalt.
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FIGURE 2: The SEM images of base asphalt and modified asphalt. (a) Unmodified nano-ZnO modified asphalt. (b) Surface-modified nano-
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FIGURE 4: FTIR spectra of base asphalt and modified asphalt. 1# (base asphalt), 2# (SBS-modified asphalt), 3# (nano-ZnO/SBS-modified

asphalt), and 4# (nano-ZnO/nano-TiO,/SBS-modified asphalt).

3.4. Evaluation of UV Aging Performance of Nano-ZnO/Nano-
TiO,/Copolymers SBS-Modified Asphalt. The UV ageing
performance of 4% nano-ZnO +1.5% nano-TiO,+3.2%
copolymers SBS-modified asphalt (4#) was investigated in
addition to the base asphalt (1#), 3.2% SBS-modified asphalt
(2#), and 4% nano-ZnO + 3.2% SBS-modified asphalt (3#).

3.4.1. Analysis of Physical Performance. The experimental
results of the physical properties (5°C ductility and softening
point) of the base asphalt and modified asphalts are shown in
Table 8 before and after UV ageing. The modified asphalts
have smaller increases in softening point (AT) and larger
ductility retention rates (Kp) than the base asphalt. Modified
asphalt 4# had the lowest AT'and highest K. Thus, 4# has the
lightest UV ageing degree. Compared to the 2# modified

asphalt, Kp, of 3# and 4# increased from 79.20% to 87.72%;
AT of 3# and 4# decreased from 6.9°C to 4.1°C. The addition
of nano-ZnO and nano-TiO, to the modified asphalt im-
proves the ability of UV-aging resistance, and nano-TiO, has
a more significant improvement. All of these results prove
that modified asphalt 4# has the best antiaging ability after
UV irradiation.

3.4.2. Cryogenic Performance Analysis. Low-temperature
cracking is the principal reason of asphalt pavement
roughness and lower service life in high-altitude areas. The
creep stiffness (S) and creep rate (m) at —18°C are obtained
and shown in Figures 5(a) and 6(b)before and after UV
ageing. The creep stiftness (S) of all asphalts increased after
UV radiation, while the creep rate (m) reduced. Lower S
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FIGURE 5: These parameters of the UV antiageing properties on base asphalt and modified asphalt. (a) Creep stiffness (S). (b) Creep rate (m).

(c) The creep stiffness ageing index (SAI).

corresponds to higher susceptibility to low-temperature
cracking of the asphalt, and higher m indicates the lower
change rate of stiffness with the loading time [3]. Therefore,
modified asphalt 4# is less susceptible to low temperature
among all asphalts. Figure 5(c) shows the UV ageing indices
of the base asphalt and modified asphalt. Compared with the
base asphalt, the stiffness ageing index (SAI) of the modified
asphalt gradually reduced. Meanwhile, the SAT has no obvious
difference between modified asphalts 2# and 3#. There results
imply that the 4# modified asphalt has more resistance to low-
temperature cracking, which is consistent with Kp,.

3.4.3. Morphological/EDS Analysis

(1) Optical Microscope Image Analysis. From the optical
microscope test, images of base asphalt, pure nano-ZnO,
pure nano-TiO,, and 4% nano-ZnO+1.5% nano-
TiO, + 3.2% copolymer SBS-modified asphalt (4#) are shown
Figures 6 and 7. As shown in Figure 6(a), the morphological
character of base asphalt is yellow-orange with a halogen
lamp, the pure nano-ZnO is mostly light red (Figure 7(a)),
and the pure nano-TiO, is dark brown due to the poor light
transmission (Figure 7(b)). Thus, the dark substance is nano-
TiO, in Figure 6(b), and the light red substance is nano-ZnO.

Compared to Figure 6(b), the number of nano-ZnO particles
decreased, while nano-TiO, had no obvious change after the
UV irradiation. Zhang et al. indicated that nano-ZnO had a
photolysis reaction under UV irradiation, while nano-TiO,
did not [48]. Therefore, nano-ZnO in the 4# modified as-
phalt can cause photolysis.

(2) SEM/EDS Analysis. The micromorphology of modified
asphalt #4 before and after UV ageing is shown in Figure 8.
The number of the large particles decreased after UV ageing
on a scale of 200 ym or 100 ym. Considering the particle size,
that is, copolymer SBS>nano-ZnO > nano-TiO,, the co-
polymer SBS may degrade. To analyse the content changes of
Zn and Ti elements before and after UV ageing, Figures 8(a)
and 8(b) were further investigated using the energy dis-
persive spectrometry (EDS), and the results are shown in
Table 9.

As shown in Table 9, the weight percentage of Zn and Ti
elements in modified asphalt 4# changed before and after
UV ageing. The weight percentage change rate of Zn de-
creased by 82.70%, and that of Ti decreased by 13.73%. The
UV ageing degree of nano-ZnO is more than that of nano-
TiO,. This result is consistent with the results of Zhang et al.
[48]. Nano-ZnO is susceptible to UV photocorrosion, which
causes the loss of Zn**. Therefore, the ductility retention rate
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FIGURE 6: The optical microscope image of base asphalt and modified asphalt. (a) Base asphalt. (b) 4# modified asphalt (unaged). (c) 4#

modified asphalt (aged).
(a) (b)

FIGURE 7: The optical microscope image of nanomaterials. (a) Nano-ZnO particle. (b) Nano-TiO, particle.
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Figure 8: Continued.
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FIGURE 8: The micromorphology of nano-ZnO/nano-TiO,/copolymers SBS-modified asphalt. (a) Unaged. (b) Aged.
TaBLE 9: EDS test results of nano-ZnO/nano-TiO,/copolymers SBS-modified asphalt before and after UV ageing.
Unaged Aged
Element
Wt (%) At (%) Wt (%) At (%)
C 88.28 95.77 84.71 91.43
(0] 2.18 1.76 8.44 6.76
S 3.68 1.48 3.16 1.27
Ti 1.53 0.14 1.32 0.08
Zn 4.33 0.85 2.37 0.46
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FiGure 9: The Characteristic functional groups index of asphalt before and after UV ageing. (a) The carbonyl group index (Ic—o). (b) The

sulfoxide group index (Is_o).

(Kp) of the nano-ZnO/copolymer SBS-modified asphalt
(3#) increases less obviously than that of copolymer SBS-
modified asphalt (2#), while the addition of nano-TiO,
improves Kp of modified asphalt 3#, that is, modified as-
phalt 4#.

3.4.4. FITR. To evaluate the UV ageing degree of the base
asphalt and three modified asphalt, the carbonyl group index
and sulfoxide group index were calculated according to
formulas (4) and (5). Figure 9 shows that both indices of all
asphalts are higher than those of unaged asphalt, especially
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the carbonyl group index. This conclusion was proven by
Hosseinnezhad et al., where the UV ageing affected the
carbonyl group index of asphalt more than thermal
ageing [49]. The base asphalt has the highest index after
UV ageing. A lower index indicates better antiageing
property [36, 37]. Therefore, the relationships of the
antiageing degree of the base asphalt and modified as-
phalt are 4# modified asphalt >3# modified asphalt >2#
modified asphalt >1# base asphalt. Compared with
modified asphalts 2#, the addition of nano-ZnO and
nano-TiO, in SBS-modified more effectively improves the
UV ageing than SBS-modified asphalt. This is mainly
because that nanomaterials have the absorption effects on
ultraviolet irradiation. Moreover, the addition of nano-
TiO, in 3# modified bitumen shows the lowest carbonyl
group index and sulfoxide group index among the two
modified bitumens, which is in accordance with the
physical properties test results and cryogenic perfor-
mance analysis.

4. Conclusions

To improve the UV antiageing and low-temperature
properties of AH-90 base asphalt, in this paper, nano-ZnO,
nano-TiO,, and copolymer SBS were selected as modifiers.
The most appropriate amounts of the three modifiers were
proposed to modify AH-90 base asphalt. The UV antiageing
and low-temperature properties of nano-ZnO/nano-TiO,/
copolymer SBS-modified asphalt were studied in optimal
content. Both SEM/EDS test and FTIR test were used to
explain the UV ageing mechanism of nano-ZnO/nano-TiO,/
copolymer SBS-modified asphalt. The following conclusions
are drawn:

(i) The surface functionalization of nano-ZnO and
nano-TiO, using KH-560 can turn nano-ZnO and
nano-TiO, to a highly effective additive to enhance
the UV ageing resistance and low-temperature
performance of copolymer SBS-modified asphalt.

(ii) The orthogonal test and BBR test show that the
copolymer SBS significantly affects the low-tem-
perature performance of the nano-ZnO/nano-TiO,/
copolymer SBS-modified asphalt, and nano-ZnO
has a highly significant effect on its low-temperature
performance. The most appropriate amount of three
modifiers to add is 4% nano-ZnO + 1.5% nano-
TiO, +3.2% copolymer SBS.

(iii) The SEM test shows that the addition of nano-
materials can improve the dispersion of copolymer
SBS in asphalt due to the encapsulation and dis-
persion of nanomaterials. The EDS test result shows
that the nano-ZnO particles are prone to photo-
corrosion and reduce the activity under ultraviolet
irradiation, so nano-ZnO/copolymer SBS-modified
asphalt has less obvious antiaging performance than
the copolymer SBS-modified asphalt. Furthermore,
adding nano-TiO, in nano-ZnO/copolymer SBS-
modified asphalt will improve its UV antiageing
performance.
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(iv) The FTIR test shows that the blending mechanism
of nano-ZnO/nano-TiO,/copolymer SBS-modified
asphalt is that the physical reaction is more dom-
inant for both SBS copolymers and base asphalt, and
the chemical reactions mainly occur between
nanomaterials and base asphalt in the modification
process. The carbonyl group index and sulfoxide
group index results indicate that ultraviolet irra-
diation has the most significant effect on the car-
bonyl index of the nano-ZnO/nano-TiO,/
copolymer SBS-modified asphalt, which has the best
UV antiageing performance.
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