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Abstract: In order to clarify the effect of thermal aging on
the nano-stabilized modified asphalt binder, TINUVIN
770 (T770) hindered amine light stabilizer of nanoscale
was selected as aging modifying agent to prepare modi-
fied asphalt. The impact of thermal aging on the rheo-
logical properties of T770-modified asphalt was investigated
using dynamic shear rheological test of frequency sweep
and multiple stress creep recovery test. The surface rough-
ness variation of T770-modified asphalt was characterized
by using atomic force microscope throughout the thermal
aging process. Furthermore, the typical morphology and
parameter features of T770-modified asphalt were identi-
fied. The results showed that with the extension of thermal
aging time, the high temperature rutting resistance of
T770-modified asphalt was improved, while the unrecover-
able creep compliance was degraded. When the thermal
aging time exceeded 6h, the bee structure appeared on
the surface of T770-modified asphalt. Meanwhile, with the
increase in thermal aging time, the special structure formed
on the surface of asphalt gradually became smaller. The
surface fluctuation difference of T770-modified asphalt
reflected the better thermal aging resistance property of
T770-modified asphalt than 70# asphalt.
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1 Introduction

Asphalt pavement is being widely used in urban roads
and highways because of the driving comfort, easy main-
tenance, and rapid setting time for traffic [1-3]. However,
the western region of China has typical regional climate
characteristics, such as strong ultraviolet radiation, long
sunshine duration, and large temperature difference [4].
Among them, ultraviolet radiation is a key factor that
would accelerate the aging of asphalt materials signifi-
cantly and exacerbate the cracks and looseness of asphalt
pavement [5-8], which would affect the durability and
service function of road pavement inevitably. Therefore,
controlling the ultraviolet aging behavior of asphalt mate-
rials effectively is crucial for the sustainable development
of transportation infrastructure in the western region of
China and other regions worldwide.

As a new type of anti-UV aging modifying agent,
hindered amine light stabilizer (HALS), which could cap-
ture active free radicals and quench singlet oxygen groups,
inhibits the UV-induced chemical component transforma-
tion that improves the anti-UV aging performance of car-
rier materials [9,10]. However, asphalt is considered as
a typical binder with viscoelastic properties [11], whose
chemical composition is extremely complex and different
from polymer materials of definite molecular chain config-
uration and polymerization degree. Moreover, the contin-
uous thermal effect during the modifying process of asphalt
might lead to negative impact on the modifying effect of
HALS on asphalt. Therefore, the excellent modifying appli-
cation of HALS in polymer materials could not be borrowed
for HALS used in the ultraviolet aging control of asphalt pave-
ment materials, which might build barrier for maintaining the
efficient and stable aging control effect of HALS on asphalt
material. The core to solve this problem is to clarify the effect
of HALS on the mechanical properties, microstructure, and
chemical composition of asphalt materials.

Ultraviolet response behavior is the correlation change
in asphalt material properties from microscopic level to
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macroscopic level when exposed to ultraviolet radiation. At
the macro level, mechanical properties are the direct reflec-
tion of the response behavior of asphalt materials to UV
radiation, which are also important indices to evaluate
the UV aging controlling effect of anti-UV aging-modified
asphalt. Scholars at home and abroad have carried out rele-
vant studies on the mechanical property variation in UV-
aged asphalt. Currently, rheology, as an important indicator
of the viscoelastic properties, has become the research focus
of UV aging response of asphalt materials. Xiao et al. [12]
found that ultraviolet aging could induce the viscoelastic
ratio variation in asphalt leading to the deterioration of
rheological properties. Aiming at the rheological evaluation
indices of UV-aged asphalt, Zhang et al. [13] analyzed and
determined the applicability of rheological indices such as
rutting factor, zero shear viscosity, and loss shear modulus
in the evaluation of UV aging behavior. Wu et al. [14-17]
clarified the influence of ultraviolet radiation intensity,
frequency, and temperature on the UV aging behavior
of asphalt based on rheological properties and infrared
spectroscopy. Furthermore, they also determined the UV
aging depth of asphalt materials when subjected to ultra-
violet radiation. In the aspect of microstructure characteriza-
tion of light stabilizer-modified asphalt, some scholars used
high resolution microscopy to characterize the microstruc-
ture variation in light stabilizer-modified asphalt. Shen et al.
[18] and Menapace et al. [19] applied atomic force micro-
scopy (AFM) to investigate the impact of ultraviolet radiation
on the microstructure and components of the modified
asphalt, which indicated that asphalt and its components
represented different microstructures under the condition of
different UV aging times and there were significant differ-
ences in the nanosize of the typical microstructure. Li et al.
[20] found that the size of bee-structure in asphalt increased,
while the number decreased after UV aging. Moreover, the
results indicated that the UV light of 350-370 nm had the
greatest effect on the number and size of bee structure than
the UV light of other bands. Yu et al. [21] and Zadshir et al.
[22] found that microcracks appearing on the surface of the
UV-aged asphalt would gradually extend along with the
expansion of UV aging time. The microstructure variation
in UV-aged asphalt presented the generation process of its
structural defects, which provided the micromorphology
basis for further exploration of UV aging behavior. Thus,
the current research on the microstructure of anti-UV

Table 1: Technical properties of T770 light stabilizer
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aging-modified asphalt mainly focuses on the variation in
the rheological properties and microstructure of asphalt after
UV aging. However, the thermal aging could not be avoided
in production process of asphalt pavement material, which
might lead to the negative impact on the modifying effect of
HALS on asphalt. Therefore, it is necessary to clarify the
impact of thermal aging on the property and microstructure
of HALS-modified asphalt.

In this article, T770 HALS was selected to prepare the
modified asphalt and the thermal aging treatment of
T770-modified asphalt was executed. The dynamic shear
rheological test (DSR) was performed to analyze the influ-
ence of thermal aging on T770-modified asphalt and the
AFM was carried out to characterize the microstructure
variation in T770-modified asphalt under different thermal
aging conditions. Therefore, this study would provide
references for determining the properties and microstruc-
ture variation in HALS-modified asphalt after the high
temperature preparing process.

2 Materials and methodology

2.1 Materials
2.1.1 Light stabilizer

T770 light stabilizer (bis(2,2,6,6-tetramethylpiperidiny)
sebacate) was selected as the modifying agent to prepare
HALS-modified asphalt. For improving the dispersion
of light stabilizer in asphalt, the T770 of nanoscale
was selected in this study. To characterize the micro-
structure and roughness of aged asphalt accurately,
the content of T770 was expanded to 3% by the weight
of asphalt (about 6-8 times by the normal content). The
technical properties of T770 light stabilizer are shown
in Table 1.

2.1.2 Asphalt

70# asphalt was selected as binding material for the pre-
paration of T770-modified asphalt to eliminate the

Light stabilizer Density (g cm™) Melting point (°C)

Viscosity (150°C) (Pa) Specific heat capacity (J kg™ °C™)

1770 11 81-85

26.5 1,390 (20°C)/2,170 (100°C)




DE GRUYTER

Table 2: Technical properties of 70# asphalt

Technical indices Value Specification
Softening point (°C) 50.4 >43
Penetration (25°C, 100 g, 55)/0.1mm 71 60-80
Ductility (10°C) (cm) 32 >15
Thin film oven test
Residual penetration ratio (%) 57.2 >54
Softening point increment (°C) 5.9
Residual ductility (cm) 7.3 >4

interference of other modifiers on the test results. The
technical properties of 70# asphalt are shown in Table 2.

2.1.3 Preparation of T770-modified asphalt and
specimen

2.1.3.1 T770-modified asphalt

70# asphalt was put into heating oven of 110°C constant
temperature and kept for 3 h. Then, a certain amount of
asphalt was weighed and placed in a clean container and
then the container was put on the oil bath heating device
at 160 + 5°C. The T770 light stabilizer was weighed and
equally divided into three parts. The molten asphalt was
sheared and stirred by the high-speed shear apparatus.

. First shear
2000rad/min
Second shear
1200rad/min

Third shear

2000rad/min

Figure 1: Preparation process of T770-modified asphalt.
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The first portion of T770 was added and stirred at the
shear rate of 2,000 rad min™ for 5 min. The second and
third portions of T770 were added and stirred at the shear
rate of 1,200 rad min~! for 5 min and 2,000 rad min~! for
7 min, respectively. Finally, the T770-modified asphalt
was stirred at 600 rad min ™! for 8 min and then the asphalt
specimen was poured after the swelling of modified
asphalt was completed. Details of the preparation process
of T770-modified asphalt are shown in Figure 1.

2.1.3.2 Testing specimen preparation

The prepared asphalt was poured into the open cube
container made of tin paper and then put into the oven
for thermal aging treatment. According to the mixing
process of matrix asphalt, the temperature was set to
120°C and the aging times were 1, 2, 3, 6, 9, 18, and
36 h. The AFM test specimen was prepared by hot drop
method. The specific process was as follows: 1cm x 1cm
asphalt specimen was obtained through cutting and put
into a container made of tin paper. After heating to the
flow pattern, the drop tube was used to absorb the modi-
fied asphalt and drop it in the carrier glass immediately.
Then, the carrier glass continued to be heated on the
heater to make it self-leveled and cooled in the closed box.

y
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, T770
g
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Constant e -
temperature 7
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2.2 Methodology
2.2.1 DSR test
2.2.1.1 Frequency sweep

Smartpavel02 DSR produced by Anton Paar was used for
frequency scanning of T770-modified asphalt. The fre-
quency scanning adopted the strain controlling mode
and the strain was controlled to 1%. The frequency scan-
ning test was carried out from 0.1 to 100 rads™* at 60°C.
The diameter of scanning parallel plate was 25 mm and
the spacing control was 1 mm.

2.2.1.2 Multiple stress creep recover (MSCR) test

MSCR test was used to evaluate the anti-rutting ability of
T770-modified asphalt at high temperatures. According
to AASHTO T 350 [23], the test temperature was set to
64°C, the diameter of parallel plate was 25 mm, and the
spacing was 1mm. During the MSCR test, the stress
level of 0.1 and 3.2kPa would be repeated for 20 times
and 10 times, respectively. Every level included 10 cycles,
which consisted of 1s creep stage and 9s unloading
recovery stage per cycle that would last for 300s. The
evaluating indices were recovery rate (R) and unrecover-
able creep compliance (J;). The recovery rate (Ry; and
R3,) and unrecoverable creep compliance (J,;01 and Jur3.0)
of each cycle were calculated by formulas (1)—(2). The cal-
culation formulas were as follows:

R= (Yp - an)/(yP - YO)’ (1)
Jor = e = YO/ T, )
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where 7 is the duration of each cycle; y,, is the peak strain
in each loading cycle; yy, is the residual strain in each
loading cycle; y, is the initial strain in each loading cycle;
Jo1 is the unrecoverable creep compliance at 0.1kPa
stress level; J5, is the unrecoverable creep compliance
at 3.2 kPa stress level.

2.2.2 AFM test

AFM test was performed using the Dimension FastScan
scanning probe microscope produced by Bruker Company,
as shown in Figure 2. The maximum scanning ranges of
fast and slow scanning modes were 30 pm x 30 um and
90 um x 90 pm, respectively. The test was carried out in
the ScanAsyst intelligent mode and the AFM test results
were analyzed by NanoScope Analysis software. For miti-
gating the impact of surface data error in the scanning
process, the two-dimensional AFM images of modified
asphalt were processed by second order flatten to ensure
data consistency.

3 Results and discussion

3.1 Rheological properties of thermal-aged
asphalt

3.1.1 Frequency sweeping results
3.1.1.1 Matrix asphalt

The frequency scanning results of matrix asphalt in dif-
ferent thermal aging periods are shown in Figure 3. From

Tel:800-715-8440 Fax:805-696-6310
www.brukerafmprobes.com
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2 4 5

1 Calle Tecate Sult

Figure 2: AFM testing equipment: (a) AFM instrument and (b) scanning probes.
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Figure 3: Frequency scanning results of matrix asphalt enduring different thermal aging times: (a) complex modulus; (b) complex modulus/
10 rad s7%; (c) rutting factor; (d) rutting factor/10 rad s™%; and (e) phase angle.

Figure 3(a) and (c), it could be observed that the complex
shear modulus G* and rutting factor |G*|/sin § of aged
asphalt increased linearly as the frequency increased,
while the slope of the curve increased gradually from
0.24 to 0.59 with the extension of aging time, indicating
that the longer the aging time was, the faster the growth

rates of G* and |G*|/sin § of asphaltwere. Regarding the
consistent growth trend of each curve, a group of testing
points (10 rad s7*) of different aged asphalts were selected
to compare the corresponding rheological indices of var-
iation curves, as shown in Figure 3(b) and (d) histogram.
When the thermal aging time was 0-18 h, the G* and
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|G*|/sin & of asphalt increased with the extension of aging
time. At the thermal age of 18 h, the G* and |G*|/sin § of
asphalt increased about 1.41 times compared with the
unaged asphalt. After aging for 18 h, the G* and |G*|/sin §
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of asphalt tended to be stable. This might be because after
thermal aging of asphalt, the content of heavy components
in asphalt increased continuously, which enhanced the
property of asphalt resisting shear deformation. As the

Il Complex modulus

Complex modulus /kPa

Aging time/h

I G| sind"

Aging time/h

Figure 4: Frequency scanning results of T770-modified asphalt enduring different thermal aging times: (a) complex modulus; (b) complex
modulus/10 rad s%; (c) rutting factor; (d) rutting factor/10 rad s™%; and (e) phase angle.
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Figure 5: MSCR results of matrix asphalt enduring different thermal aging times: (a) 0.1kPa and (b) 3.2 kPa.

impacting results, the G* and |G*|/sin 6 of asphalt increased;
however, as the thermal aging time continued to be
extended, the content of light components in asphalt
decreased gradually because of the transformation pro-
cess. When the aging behavior of asphalt reached a certain
degree, the transformation and volatilization of light com-
ponents tended to be stable, and the shear deformation
resistance of asphalt basically followed to be stable [24],
which made G* and |G*|/sin 6 no longer change. Figure 3(e)
is the phase angle curve of thermal-aged asphalt. The curve
analysis showed that the phase angle of aged asphalt
decreased with the increase in frequency under different
aging time conditions and the decrease rate between the
curves was similar, indicating that the thermal aging time
would not change the correlation and connection between
the phase angle and frequency.

3.1.1.2 T770-modified asphalt

Figure 4 shows the frequency sweep results of T770-mod-
ified asphalt subjected to different thermal aging times.
According to the overall analysis in Figure 4, regardless
of the aging state of the modified asphalt, the complex
shear modulus G* and rutting factor |G*|/sin § of T770-
modified asphalt increased with the increase in frequency,
while the phase angle 6 decreased following the increase
in frequency, indicating that the viscosity of asphalt was
enhanced at high frequency. From Figure 4(a) and (c), it
could be analyzed that the G* and |G*|/sin § of T770-mod-
ified asphalt after thermal aging were higher than that of
unaged modified asphalt, which reflected that the aged
T770-modified asphalt had better rutting resistance than

the unaged modified asphalt. According to the columnar
diagram of Figure 4(b) and (d), the G* and |G*|/sin 6 of
unaged modified asphalt were the smallest and far less
than that of modified asphalt aged for 1h, and the differ-
ence was about 2.8 times. With the extension of thermal
aging process, when the aging time was less than 6h,
the G* and |G*|/sin § of T770-modified asphalt gradually
decreased with the extension of aging time. After aging for
more than 6h, the G* and |G*|/siné of T770-modified
asphalt increased linearly, and the slope was close to 1.
This might be because that the addition of large amount of
light stabilizer increased the content of light components
(aromatic and saturated components) in unaged asphalt,
and the viscosity of asphalt was weakened. Meanwhile,
the value of 6§ was the maximum and the values of G*
and |G*|/sin§ were the minimum, which presented the
poor deformation resistance of unaged modified asphalt.
When the thermal aging started, part of the aromatic com-
ponents was volatilized under high temperature condi-
tions. The content of the light components in the modified
asphalt dropped sharply, which was significantly different
from that without thermal aging, which indicated that
the viscosity of modified asphalt was greatly improved.
When the aging time was less than 6 h, the reason why
G* and |G*|/sin 6 of T770-modified asphalt decreased
might be that the addition of T770 light stabilizer had
certain improving effect on the thermal oxidative aging
performance of asphalt, delaying the reactive free radical
reaction in the aging process of asphalt, which promoted
blocking the transformation of light components in
asphalt to heavy components (asphaltene) [25]. When
the aging time exceeded 6 h, the aging retardation effect
of T770 in modified asphalt might reach the limit level,
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which was difficult to continue inhibiting the transforma-
tion of components in asphalt effectively, resulting in the
instability of asphalt colloid structure and leading to the
viscosity improvement in the modified asphalt.

3.1.2 MSCR results
3.1.2.1 Matrix asphalt

Figure 5 depicts the MSCR results of matrix asphalt sub-
jected to different periods of thermal aging. From Figure
5(a) and (b), it could be observed that under the two
stress levels, the cumulative strain of the unaged asphalt
was greater than that of the aged asphalt. In order to
better characterize the creep recovery status of aged
asphalt under multiple stresses, the recovery rate R and
the unrecoverable creep compliance J,, were calculated
to analyze the strain resilience and permanent deforma-
tion resistance of aged asphalt.

Figure 6 shows the calculated results of unrecover-
able creep compliance J,,, and creep recovery rate R of
thermal-aged asphalt. It could be seen from Figure 6(a)
that under the load of 0.1 kPa stress, the ], of the asphalt
kept decreasing with the extension of aging time, and the
R kept increasing during the aging period of 0-18 h. Com-
pared with the 18 h thermal-aged asphalt, the J,, of
unaged asphalt was reduced by about 74% and the R
was increased by about 460%. When the aging time
exceeded 18 h, the J,, and R values of thermal-aged
asphalt tended to be stable. The reason was that the content
of heavy component in asphalt increased after thermal
aging, resulting in the improvement in elastic deformation
and decrease in viscous deformation [26]. The permanent

(a)
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deformation resistance and creep recovery performance of
asphalt were improved and the unrecoverable creep com-
pliance was reduced. When the thermal aging of asphalt
reached a certain degree, the content of heavy component
was basically unchanged and the deformation recovery
ability of asphalt tended to be stable, which was consistent
with the frequency scanning results of matrix asphalt. In
addition, under 3.2 kPa stress level, as the stress increased,
the J,, of each thermal aging asphalt was increased and
the R value was reduced by at least 80%, which indicated
that the permanent deformation resistance of thermal-
aged asphalt under high stress level would be significantly
decreased and the creep recovery performance would be
deteriorated.

3.1.2.2 T770-modified asphalt

Figure 7 demonstrates the MSCR test results of T770-mod-
ified asphalt. It could be observed that under the stress
levels of 0.1 and 3.2kPa, the cumulative strain of T770-
modified asphalt without thermal aging was larger than
that after aging. Under the stress of 0.1kPa, the peak
strain of T770-modified asphalt was slightly larger than
the initial strain and the strain had obvious rebound
change. Under 3.2kPa stress level, the peak strain of
T770-modified asphalt was much larger than the initial
strain. In the unloading stage, the strain rebound prop-
erty of T770-modified asphalt was not that obvious.
Figure 8 shows the calculating results of the unreco-
verable creep compliance J,,; and the creep recovery rate
R of T770-modified asphalt. Based on the comparison of
the MSCR results of 0.1 and 3.2 kPa, it could be found that
the unrecoverable creep compliance of the 3.2kPa level

(b)

10 20
o HMO.Ikpa 184 [ O.1kpa
I 3.2kpa [ 13.2kpa
8 16
74 14
. 64 12 4
g- o
¥ 54 210—
~y
— 44 8
34 6
24 44
14 24
0- 0+
0 1 2 3 6 9 18 36 0 I 2 3 6 9 18 36

Aging time/h

Aging time/h

Figure 6: /., and R of matrix asphalt enduring different thermal aging times: (a) /,, and (b) R.
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Figure 7: MSCR results of T770-modified asphalt enduring different thermal aging times: (a) 0.1kPa and (b) 3.2 kPa.

results was larger than that of 0.1 kPa. The variation trend
of unrecoverable creep compliance was similar under the
two stress levels. The J,,; of T770-modified asphalt was the
largest and then decreased sharply when subjected to 1h
thermal aging. While the thermal aging process con-
tinued, the J,, of T770-modified asphalt increased from
1.7259 to 8.2648 following the extension of aging time.
When the thermal aging time exceeded 6 h, the J,, of
T770-modified asphalt began to be decreased, reduced
from 8.2648 to 1.2997. This might be because that the addi-
tion of T770 increased the content of light components in
asphalt, which reduced the high-temperature deformation
resistance of asphalt and increased the viscous deforma-
tion, leading to an increase in J,,. Due to the volatiliza-
tion of light components in the T770-modified asphalt,
the asphaltene content increased and the resistance to

I 0.1kpa
I 3.2kpa

0 1 2 3 6 9 18 36

Aging time/h

permanent deformation enhanced. Furthermore, the vis-
cous deformation was weakened, resulting in the sharp
drop of the J,, of the T770-modified asphalt after aging
for 1h. During the thermal aging period between 1 and
6 h, the addition of T770 could enhance the thermal aging
resistance of asphalt through blocking the increase in
asphaltenes and other heavy components. In this process,
the viscosity deformation of T770-modified asphalt increased
and the J,, was increased. while the aging time was more
than 6 h, the effect of T770 on the modified asphalt tended
to be stable, but the heavy components increased with the
deepening of aging degree, which led to the increase in
elastic deformation and promoted the improvement of creep
recovery performance. From Figure 8(b), it could be observed
that the variation trend of R of T770-modified asphalt indi-
cated that the creep recovery performance of T770-modified

(b)

281

0. 1kpa
[ 13.2kpa

0 1 2 3 6 9 18 36

Aging time/h

Figure 8: J,, and R of T770-modified asphalt enduring different thermal aging times: (a) /,, and (b) R.
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asphalt decreased first and then increased when subjected to
thermal aging effect. However, at the stress level of 3.2kPa,
the R of T770-modified asphalt under different thermal aging
time conditions was small and similar to that of aged matrix
asphalt, indicating that high stress level would degrade the
creep recovery performance of T770-modified asphalt and
the high temperature deformation resistance was weakened.

3.2 AFM analysis of thermal-aged asphalt
3.2.1 Matrix asphalt
Figures 9-11 are the AFM characterization results of 70#

asphalt under the conditions of different thermal aging times
and magnifications. From 80 pum x 80 pm characterization

DE GRUYTER

results in Figure 9, it could be observed that after 1h of
thermal aging, considerable number of flocs appeared on
the asphalt surface, which was connected with each
other and covered the asphalt surface, and raised the
surface roughness to a certain extent. After aging for
2h, the flocculent structure on asphalt surface trans-
formed into a number of independent areas, and the
middle part of each area formed a dense area of about
10 nm in length, but the number of dense areas was less.
When the aging time extended to 18 h, the bee structure
emerged in the view field of AFM results, which was
shown as alternating zone of internal light and dark.
Finally, when the aging time reached 36 h, the typical
structure of asphalt surface almost disappeared and the
height of aged asphalt surface was around 9 nm, which
indicated that the overall area was relatively flat without
obvious characteristic structure.

(g)

Figure 9: 80 pm x 80 pm AFM results of 70# asphalt: (@) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.
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(d) (e)

Figure 10: 30 pm x 30 pm AFM results of 70# asphalt: (a) 1 h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

According to 30 um x 30 pm AFM results (Figure 10),
the flocculent structures were evenly dispersed on the
asphalt surface and the average length was about 3.6 pm.
In the aging process of 2-3h, point-like morphology
appeared in the interior of asphalt, and changed gradually
from sparse to dense. When aging time was over 6h, it
could be clearly observed that there were number of bee
structures on the surface of the aged asphalt. According to
the phase transition theory, the dispersed phases on the
asphalt surface began to be fused and gathered to the
respective centers during thermal aging process, finally
forming into multiple “independent units” (bee structure).
The height of this structure was higher than that of other
micro zones, and the internal position collapsed, resulting
in the bee structure with height alternation [27]. The forma-
tion of bee structure might be due to the existence of strong
polar asphaltene in the central position of micro zone and
the surrounding colloid and wax components [28,29]. As

the aging time extended to 9 h, the dispersion of bee struc-
ture inside the asphalt became more dense. When the
thermal aging time reached 36 h, the average size of the
bee structure decreased to 3.48 pm in the micro area of
30 pm x 30 pm, and the clarity of the high-low alternating
morphology was obviously reduced. Based on this, during
the gradual extension of thermal aging time, the asphalt
surface experienced a “floc-dot structure-bee structure-
incomplete bee structure” transition process, which also
demonstrated that its surface roughness varied significantly
throughout the thermal aging process.

The scale of scanning zone continued to be enlarged
by 10 pm x 10 pm as shown in Figure 11. The middle part
of the asphalt surface after aging for 2 h showed a narrow
and long bright area, which was different from the rough-
ness of dark area. Meanwhile, the height of the color
column was up to 89 nm, indicating that the bright struc-
ture was represented as convex shape in the local area of
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Figure 11: 10 pm x 10 pm AFM results of 70# asphalt: (a) 1 h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

scanning zone. When the aging time reached 3 h, the black
spots dispersed evenly on the asphalt surface, which could
be inferred from height information that the black spots
were small holes on asphalt surface. When the aging time
reached 6 h, the bee structure appeared in the scanning
zone. As the aging time extended, the number of bee struc-
tures increased significantly, while the size became
smaller than that at 6 h. As thermal aging time extended
to 18 h, there was only one bee structure existing in the
scanning zone and it seemed that all the small bee struc-
tures had been merged to one large bee structure. Further-
more, the height of the typical structure at 18 h was twice
as that of bee structure at 9h. When the thermal aging
time reached 36 h, the number and size of bee structure
was significantly reduced, and the multi-structure compo-
sition between the bright and dark phases was trans-
formed into a single bright and dark phase structure.

3.2.2 T770-modified asphalt

Figures 12-14 are the AFM characterization results of
T770-modified asphalt under different aging times and
magnifications. Different from 70# asphalt, there were
some different micro structures appearing on the spe-
cimen surface when enduring thermal aging. For example,
there were number of typical structures (similar to den-
dritic morphology) on the surface of asphalt after aging
for 1-2h as shown in Figure 12, and the distribution was
relatively uniform. The length of dendritic structure
ranged from 5 to 80 pm in the characterization area.
Through analyzing the height data, the branch and rhi-
zome positions of the dendritic structure were higher than
the leaf position. The maximum height of the dendritic
structure was approximately 500 nm, while the height
around the rhizome decreased rapidly. After aging for



DE GRUYTER

(a)

(g)

547nm

Thermal aging behavior characteristics of HALS-modified asphalt

— 1169

(c)

Figure 12: 80 pm x 80 pum AFM results of T770-modified asphalt: (a) 1 h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

3 h, the dendritic structure gradually dissipated, and the
maximum height decreased from the initial 500-5.7 nm,
which indicated that the surface of T770-modified asphalt
experienced a peak height change during the aging period
from O to 3h. After aging for 6 and 9h, the surface of
asphalt was filled with bee structures. However, compared
with the results of 6 h, the number of bee structures
decreased slightly at 9 h. Moreover, the single bee struc-
ture became larger, whose length increased from 15 pm to
about 25 um and height increased from 31.1 to 33.3 nm. The
change in number and size of bee structure demonstrated
that the 6 and 9 h aging times had obvious impact on the
surface state of T770-modified asphalt, which might be
related to the variation in chemical components in asphalt.
When the thermal aging time reached 36 h, the bee struc-
ture on the asphalt surface almost disappeared, and the

circular structure of about 4 pm in diameter appeared and
the quantity increased sharply.

In Figure 13 of 30 pm x 30 pm morphology, the AFM
results of T770-modified asphalt represented tree struc-
ture in 2 h, which disappeared after aging for 3h. At 3 h,
the average length of tiny bright structures was about
1.75pum. After thermal aging for 6 h, the bee structure
appeared as the original bright spot and its initial length
was about 9.4 pm. After 9 h of thermal aging, the bee struc-
tures began to connect with each other from the original
dispersed layout, and the average length increased to
14.2 ym, which indicated that there was a mutual fusion
behavior of bee structures in the process of thermal aging.
As the aging time progressed to 18 h, the bee structure on
the surface of modified asphalt disappeared, replaced
by a white strip of about 6.4 pm in length, which was
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Figure 13: 30 um x 30 pm AFM results of T770-modified asphalt: (@) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

surrounded by black spots when amplified to 10 pm x
10 pm (Figure 14). After 36 h aging, the size of bee struc-
tures reached the lowest value, but the number increased
sharply. Furthermore, the light and dark alternate features
of bee structure were more obvious.

3.3 Three-dimensional surface
reconstruction of thermal-aged asphalt
materials

3.3.1 Matrix asphalt
The 3D reconstructed surface morphology of thermal-aged

matrix asphalt is shown in Figure 15. It could be observed
from Figure 15 that the overall roughness of asphalt

surface became relatively small during the thermal aging
period from 1 to 3h. The height distributed as pinpoint
variation at 1h and the asphalt surface was quite flat. After
aging for 2h, the surface roughness of the asphalt was
reduced, and the height was low in the surrounding and
high in the middle. The height of the typical structure in
the middle was significantly larger than that in the sur-
rounding, which was also in accordance with the AFM 2D
analysis results. However, there were more regional points
of height variation on the asphalt surface at 6 and 9 h, and
the surface of asphalt turned to be relatively flat after aging
for 18 h. After aging for 36 h, the height point was distrib-
uted in a wavy shape, whose height was large on both sides
and small in the middle, but the average height of asphalt
surface decreased significantly.

According to Figure 16 (30 pm x 30 um), the height
variation was evenly distributed and the heights of
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Figure 14: 10 pm x 10 pm AFM results of T770-modified asphalt: (a) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

different testing points were similar at 1h of thermal
aging. After aging for 2h, the surface height of the
asphalt fluctuates significantly. In the relevant 2D figure,
it could be observed that many bright positions were
mainly located in the middle concave, and the height
was slightly larger than that of the surrounding structures.
When aging time reached 3h, the surface of asphalt
became flat again and the height was evenly distributed
and there was no obvious typical structures. As aging time
extended from 6 to 18 h, the overall fluctuation of asphalt
surface was more obvious and the surface roughness
increased significantly. When the thermal aging time
reached 36 h, the surface height of asphalt tended to be
flat, whose height distribution was presented as wave pat-
tern. As shown in Figure 17, the surface height of the
structure after aging for 2h was about 89.9 nm. The sur-
face height of asphalt decreased gradually, but the overall

roughness increased after aging for 3 and 6 h. At the aging
time of 18 h, the bee structure on the 2D results demon-
strated in 3D image that the middle position between the
two peaks (bright zone) was presented as low height site
(dark zone).

3.3.2 T770-modified asphalt

The 3D reconstructed surface morphology of thermal-
aged T770-modified asphalt is shown in Figure 18. The
surface roughness of T770-modified asphalt changed
obviously when aged for 1h, and the maximum height
of modified asphalt surface was about 500 nm, which was
corresponding to the rhizome part of the dendritic struc-
ture. After 2 h of thermal aging treatment, dendritic struc-
ture on the surface of the modified asphalt disappeared



1172 — Xiaolong Sun et al.

DE GRUYTER

80 um

Figure 15: 80 pm x 80 pm 3D reconstructed results of 70# asphalt: (a) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

gradually and the height distribution tended to be stable.
After aging for 6 h, the asphalt surface was covered with
the bee structures and there was an obvious height
change in the existing bee structure area, which varied
gradually from high distribution in the middle to low
distribution on both the sides, and the highest height
was about 31.1nm. When the thermal aging time extended
to 9 h, the roughness undulation of specimen surface became
larger. The number of bee structure decreased, while the
size increased. At aging of 36 h, no special micro-structures
appeared on the surface of the T770-modified asphalt, and
only some zones underwent height changes.

Figure 19 of the 30 pm x 30 pm AFM results shows
that the point height variation in T770-modified asphalt
surface was significantly present after thermal aging for
1h, but no typical structure appeared on asphalt surface.
After aging for 2 h, considerable needle-like height points
were fused into the convex structure of large volume and
the height became larger, up to 151.5 nm. According to the
3D images of 6 and 9h, the number of bee structures
decreased relatively. Following the extension of thermal
aging time, T770-modified asphalt surface bee structures
gradually disappeared and the surface height further
increased.

From the 10 pm x 10 pm results of Figure 20, it could
be analyzed that the height distribution of amplified zone
was relatively flat at 1h of aged time. Only part of scan-
ning areas has protrusions, while the roughness change
in surface concavity was complicated. After aging for 2 h,
the undulation degree of modified asphalt surface increased
significantly, and the higher position was mainly distrib-
uted in the edge area. The utmost height of the scanning
area was 151.5 nm, and the surface roughness was further
increased. When thermal aging time reached 3h, the
peak height of the modified asphalt surface increased to
154.3nm, and the roughness continued to increase. The
surface structure height began decreasing relatively at 6 h,
and the highest area height reduced to 53.5 nm, about half
of that at 3h. The linear height variation appeared on
the modified asphalt surface at 9h. The height change
increased evenly from both ends to the middle, demon-
strating the alternating change in height, which referred
to the bee structure. As aging time moved to 18 h, the sur-
face roughness of asphalt increased and the highest peak
was 96.1 nm. Furthermore, the appearance of bee structure
was no longer clear. After 36 h, a number of independent
vertical block structures appeared on the modified asphalt
surface and the roughness increased.
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30 um

Figure 16: 30 pm x 30 um 3D reconstructed results of 70# asphalt: (a) 1h; (b) 2 h; (c) 3h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.
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Figure 17: 10 pm x 10 pm 3D reconstructed results of 70# asphalt: (a) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.
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30 um

Figure 19: 30 pm x 30 pm 3D reconstructed results of T770-modified asphalt: (a) 1 h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.
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Figure 20: 10 um x 10 pm 3D reconstructed results of T770-modified asphalt: (a) 1h; (b) 2 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 18 h; and (g) 36 h.

Table 3: Surface roughness of 70# asphalt and T770-modified asphalt

Thermal aging time (h) 70# asphalt

T770-modified asphalt

ISAD (%) Rq (nm) Ra (nm) ISAD (%) Rq (nm) Ra (nm)
1 0.181 6.57 5.29 0.383 11.3 7.42
2 0.160 11.10 7.44 0.242 29.1 19.9
3 1.100 16.20 13.50 0.003 1.65 1.31
6 0.233 8.61 4.10 0.037 3.86 2.49
9 0.356 12.10 9.00 0.073 5.38 3.26
18 0.336 22.50 15.50 1.16 28.6 19.8
36 0.014 4.30 3.56 0.565 18.1 12.2

3.3.3 Surface roughness analysis of thermal-aged
asphalt material

In order to clarify the difference in surface roughness
between 70# asphalt and T770-modified asphalt at dif-
ferent aging times, the roughness data were processed
and obtained from the AFM characterization results of
30 pm x 30 pm. The evaluating indices mainly included
the difference in three-dimensional surface area and two-
dimensional projected surface area (ISAD), height mean

square deviation (Rq), and height deviation (Ra). The
calculated evaluating indices are shown in Table 3.

The data in Table 3 shows that the surface roughness
Rq value of 70# asphalt presented the fluctuation trend
of “increasing-decreasing-increasing-decreasing”. When
the aging time reached 18 h, the roughness reached the
maximum value of about 22.5 nm and then decreased to
the minimum value of 4.3 nm at 36 h. The change trend of
Ra value was basically consistent with that of Rq, indi-
cating that the surface roughness of 70# asphalt was the



1176 —— Xiaolong Sun et al.

(a

Heightnm

-20
-0

-60

(e,

Heightnm

20

=
=~

] _x3.6, y 102

Sx=2.6, y=39.7

) | 2 3 4 s 6

Distance/um

)

i x=6, 1, y=82.1
~
SO F
60
40 F | \
20+ ‘
0 b=cpocccccccee | VY PR IR SRR §
20+ \
~~x1.6, y=-29,5
40 : A L N r i
0 | 2 3 4 S 6 U

Distance'ym

DE GRUYTER

so4 Il -—x"3. 1, y78.2
|}

70 4 |

Height/nm
&
S

Distance’jim

120V —x4.7, y=116

100 F

S0 B

60 F

40 ¢ |

Height/nm

20F

20 F

-0

N x=0.9, y=—40.7
M N

-60 L
0 | 2 3 4 s 6

Al i i

~

Distance’ym

Figure 21: Morphology and roughness analysis results of cluster structure: (a) scanning zone; (b) selected cluster structure; (c) cluster
structure I; (d) cluster structure Il; (e) cluster structure Ill; and (f) cluster structure IV.

largest after aging for 18 h. When the aging time con-
tinued being extended, the surface roughness of asphalt
decreased to the minimum. This might be because the
continuous high temperature state induced the aggrega-
tion and nucleation of asphaltenes, wax fractions, and

other components of asphalt. As the thermal aging time
continued to be increased, the properties of nucleation
components were unstable and diffused, which led to the
change trend of surface roughness. For T770-modified
asphalt, the variation trend of roughness indices Rq
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and Ra was basically the same as that of 70# asphalt. In
the process of thermal aging, the roughness of T770-mod-
ified asphalt decreased first and then increased. The
roughness reached the maximum at 18 h of aging time,
and the maximum difference values of roughness indices
were 1.157% and 27.45 and 18.59 nm, respectively. The
variation amplitude of surface fluctuation was larger
than that of 70# asphalt in the whole process of thermal
aging, indicating that the addition of T770 would aggra-
vate the surface roughness variation in thermal-aged
asphalt to a certain extent, but the large variation in
roughness might not be necessarily connected to the
attenuation of asphalt performance. Since the surface of
asphalt was not smooth when adhered to the aggregate,
the higher the roughness index was, the better adhesion
between asphalt and aggregate might be [30].

3.4 Typical structure identification of
thermal-aged asphalt

3.4.1 Cluster structure

Figure 21 shows the morphology and roughness analysis
results of 1h thermal-aged asphalt. From Figure 21(a)
and (b), after 1h of aging, the asphalt surface was filled
with cluster structures of about 10 pm in length, whose
heights were generally higher than that of the surrounding
asphalt surface. Four cluster structures in scanning zone
were named as I-1V and the geometric characteristics were
calculated, as shown in Figure 21(c)-(f). Figure 21(c)—(f)
shows that the heights of structures II and III are around
80 nm, while the heights of structures I and IV are above
100 nm. Regarding structure I, three height peaks existed
and the high peak of 104 nm was surround by two height
peaks of about 80nm. Furthermore, there was also a
height valley and its height was at least about —39.7 nm,
which indicated that the cluster structure consisted of sev-
eral height peaks and valleys. The II-1V cluster structures
also included at least two height peaks and height valleys,
which concluded that the surface of thermal-aged asphalt
was full of bumps and holes led by the height variation.
The appearance of cluster structures indicated that the
thermal aging effect could promote significant variation
in asphalt surface at the start of aging treatment.
Roughness indices could be obtained by roughness
processing of the above four structures, as shown in
Figure 22. The height difference between the highest
peak and lowest valley of structure IV was 155.7 nm,
which was higher than that of the other three structures.

Thermal aging behavior characteristics of HALS-modified asphalt
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In addition, due to the existence of “0” plane, several
height valleys in the four structures were very deep,
resulting in the larger roughness of cluster structure IV
than that of the other three structures. Compared with
cluster structure II of the lowest roughness value, Rq
and Ra of cluster structure IV were increased by 11 and
8.8 nm, respectively. The roughness differences of the
other two clusters were not obvious, within 2 nm.

3.4.2 Bee structure

Figure 23 shows the morphology and roughness analysis
results of thermal-aged T770-modified asphalt. From
Figure 23(a), it could be observed that after 9 h of thermal
aging treatment, number of bee structures of obvious
morphology and uniform distribution appeared on the
surface of T770-modified asphalt. The height feature of
bee structure on the surface of T770-modified asphalt was
the height alternation between high and low, which
could be observed in Figure 23(c)—(f). Furthermore, the
bee structure showed obvious three-phase state, as well
as the continuous phase and dispersed phase accompa-
nied by it. Currently, there were two main viewpoints
explaining the formation process of bee structure. The
first explanation was that the bee structure was formed
by crystallization and nucleation of wax composition.
The other supposed that the nucleation of asphaltene
led to the appearance of bee structure. However, no
matter what the forming mechanism was, this structure
would have certain impact on the adhesion between
asphalt and aggregate [31].

Figure 23(c)—(f) shows the roughness curve of selected
bee structures on the surface of thermal-aged T770-modified
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Figure 22: Roughness comparison between different clustered
structures.
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Figure 23: Morphology and roughness analysis results of bee structure: (a) scanning zone; (b) selected bee structure; (c) bee structure I;
(d) bee structure Il; (e) bee structure Ill; and (f) bee structure IV.

asphalt. According to Figure 23(c)—(f), it could be observed 36.1nm, respectively. The amplitude between the adjacent
easily that the height of bee structure alternated in high peaks and valleys at the center position was more than
position (peak) and low position (valley). For bee structure 60 nm, and there were obvious differences in the vertical
I-1V, the peak height values were 41.9, 43.7, 60.3, and height distribution. The alternated distributions of height
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in structures I and IV were much more complex than thatin and valley was about 0.3 pm (wavelength). Although the
structures II and III. Through calculation, it could be con- difference between the spacing was not obvious, in fact,
cluded that the width of the peak and valley was about the wavelength and the amplitude length of the bee struc-
0.5-0.6 um, and the average spacing between the peak ture were different by an order of magnitude. In addition,
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Figure 26: Morphology and roughness analysis results of dendritic structure: (a) scanning zone; (b) selected dendritic structure;
(c) dendritic structure I; and (d) dendritic structure Il.
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relevant studies also proposed that the bright part of the bee
structure was softer than the dark part [24,26], and the outer
part of the bee structure was surrounded by oil of relatively
flat height. According to the composition of the bee struc-
ture, the modulus was slightly higher at the flat area by
measuring the force-curve, which was mainly due to that
the asphaltene belonged to the heavy component that had
large molecular weight, and the smaller molecular weight
components such as hydrocarbon chains were filled in the
dark part of the bee structure [32] (Figure 24).

The roughness indices were obtained by data proces-
sing of the bee structures I-1V, as shown in Figure 25. The
Rq and Ra roughness values of the bee structure IV were
lower than that of the other three structures. The maxi-
mum peak height of bee structure IV was 36.1nm and
the minimum valley height was 31.1 nm. Compared with
the other three structures, the peaks and valleys of struc-
ture IV were evenly distributed at both ends of the “0”
plane, so that the roughness value was the lowest among
the four structures. The Rq value of structure III was the
highest and the difference between the peak and the
valley point was 86.7 nm. However, the lowest height
point was not included in the area of the bee structure,
resulting in the most obvious height difference compared
with the other three structures. Moreover, the surface
height distributions of structures II and III were mostly
above the plane and only some valleys were below the
plane. Regarding the roughness index, the Ra values of
structures II and III were higher than that of the other two
structures.

3.4.3 Dendritic structure

Figure 26 shows the morphology and roughness analysis
results of thermal-aged T770-modified asphalt. Struc-
tures I and II could be identified from Figure 26(a) and
(b), whose morphology was similar to the tree roots and
branches, so named as dendritic structures. The forma-
tion of dendritic structure might be caused by the small-
scale dispersion and fusion of T770-modifier in asphalt
under the heat treatment. By defining the “0” boundary,
it could be observed that the height difference between
the upper and lower parts of structure I was about 6.5 nm,
and the width difference was about 3.5 nm. For the struc-
ture II, the “trunk” was narrow and long, existing as
waviness in the length direction. The overall height of
structure II was above the “0” position and the maximum
and minimum heights were 13.9 and -2.6 nm, respec-
tively. Furthermore, there was a “valley” around the
maximum peak, as shown in Figure 26(c) and (d). The
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height difference between the adjacent “valley” struc-
tures was about 11-12nm, and the width was about
3.5 um, showing the long flat shape.

4 Conclusion

In this study, T770 HALS was selected as anti-aging agent
to prepare the modified asphalt. The impact of thermal
aging on the rheological properties of T770-modified
asphalt was investigated using DSR test of frequency
sweep and MSCR test. The surface roughness variation
in T770-modified asphalt was characterized by using

AFM throughout the thermal aging process. The conclu-

sions are shown as follows:

I. With the extension of thermal aging time, the G* and
|G*|/sin 6 of T770-modified asphalt decreased gradu-
ally when the aging time was less than 6 h. After aging
for more than 6 h, the G* and |G*|/sin 6 of T770-mod-
ified asphalt increased linearly and the slope was close
to 1.

II. The J,, of T770-modified asphalt increased from
1.7259 to 8.2648 following the extension of aging
time. When the thermal aging time exceeded 6h,
the J,, of T770-modified asphalt was reduced from
8.2648 to 1.2997, which might be because that the
addition of T770 increased the content of light com-
ponents in asphalt and reduced the high-temperature
deformation resistance of asphalt.

III. The variation amplitude of surface fluctuation was
larger than that of 70# asphalt in the whole process
of thermal aging, indicating that the addition of T770
would aggravate the surface roughness variation in
thermal-aged asphalt to a certain extent, but the
large variation in roughness might not be necessarily
connected to the attenuation of asphalt performance.

IV. Three typical structures, cluster structure, bee struc-
ture, and dendritic structure, were identified through
processing the rough data of AFM results. The rough-
ness indices demonstrated the variation effect of
thermal aging on T770-modified asphalt following
the extension of aging time.

V. This study focused on the effect of thermal aging on
T770-modified asphalt based on AFM and DSR. Future
study will perform relevant experiment of chemical
component variation to explore the thermal aging effect
on the chemical constitution of HALS-modified asphalt.
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