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Abstract: Thermo-oxidative ageing is one of the main factors affecting bitumen performance.
At present, the research on bitumen ageing has entered the micro stage. The purpose of this paper
was to study the relationship between nano-morphology parameters and properties of bitumen of
bitumen during the ageing process. To this end, bitumen with different ageing degrees was prepared
in this paper, and Atomic force microscopy samples with different cooling rates were prepared.
The relationship between ageing degree of bitumen and nano-morphology parameters was analyzed.
A functional relationship model between nano-morphology parameters and properties of bitumen
was established. The results show that the percentage of bee-like structure area (Ppee_jike), maximum
amplitude (Hmax) and roughness (Rq) increased with the increase of ageing degree. the percentage
of bee-like structure area, the maximum amplitude and the roughness increase with the increase of
cooling rate. With the increase of the percentage of bee-like structure area, the maximum amplitude
and the roughness, the viscosity of bitumen at 60 °C increases, penetration decreases, and softening
point increases. There is a nonlinear relationship between the nano-morphology parameters and
properties of bitumen.

Keywords: atomic force microscopy; nano-morphology parameters; viscosity of bitumen; bee-like
structure; ageing

1. Introduction

The ageing of bitumen is the result of components changes [1]. Light, heat, oxygen, water and
other factors can cause the ageing of bitumen, which accounts for most of the total ageing [2—4].
In recent years, research on bitumen ageing has mainly focused on the ageing mechanism [5-8],
the performance prediction during ageing [9,10], and the development of anti-ageing agent [11-13].
There are many ways to obtain aged bitumen, such as by using Rolling Thin Film Oven and Thin
Film Oven. Xu et al. [13] used molecular dynamics to study the effect of thermal-oxidative ageing
on bitumen properties, including the nano-aggregation behaviour of asphaltene molecules and the
translation ability of asphalt molecules. Infrared spectroscopy is also a common method to measure the
carbonyl absorption peak of bitumen before and after ageing to characterize the ageing degree [14-19].
In addition, a dynamic shear rheological test (DSR) [20-23] and gel permeation chromatography
(GPC) [24,25] can also be used to study the ageing behaviour and ageing mechanism of bitumen.
However, these methods can not reveal the relationship between bitumen micro-properties and
ageing properties.
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With the development of testing technology, the research on bitumen ageing has gradually
turned to micro and nano-scale. In recent years, fluorescence microscopy has been widely used in the
microscopic study of polymer modified bitumen [26-28]. The fluorescence microscope uses ultraviolet
light as a light source to illuminate the modified bitumen to fluoresce the polymer, thereby observing
the microstructure of the modified bitumen under a microscope [29,30]. However, fluorescence
microscopy is powerless for the micro-morphology of matrix bitumen [31,32]. In addition, atomic
force microscopy (AFM) is becoming more and more popular among professionals in the field of
bitumen micro-detection [33-35]. Atomic force microscopy was invented in 1985 by Gerd Binning,
who was working in Zurich Research Center of International Business Machines Corporation [36-38].
The purpose of AFM is to enable non-conductors to be observed by scanning probe microscopy (SPM).
The biggest difference between atomic force microscopy (AFM) and scanning tunneling microscope
(STM) is that it does not use an electron tunneling effect, but detects atomic contact, atomic bonding,
van der waals force or casimir effect to present the surface properties of samples [39]. The principle of
atomic force microscopy is as follows [40-43]. Fix one end of the microcantilever that is sensitive to
weak forces, and a tiny tip is on the other end. During the test, the tip of the needle is in light contact
with the surface of the sample. There is a very weak repulsion force between the tip atoms and the
surface atoms of the sample, keep this repulsion force constant, then the microcantilever with the tip
will undulate in a direction perpendicular to the surface of the sample. Using optical detection or
tunneling current detection, the position of the microcantilever corresponding to each point of the
scanning can be measured so that the surface topography information can be obtained.

Atomic force microscopy (AFM) has been widely used in many fields due to the high resolution
(nanometer level) and less requirement for samples. In recent years, the application of AFM in the field
of bitumen has provided a new method for studying the morphological characteristics of bitumen
at the nanoscopic perspective. The application of AFM in bitumen field can be traced back to 1996.
Loeber [44] observed the existence of bee-like structure in bitumen by using AFM. The cause of bee-like
structure is inconclusive now, but most scholars believe that the existence of asphaltene and wax is
the cause of a bee-like structure. A lot of research work has been carried out on the nanostructure of
bitumen based on AFM, which mainly focus on the size of the bee-like structure, percentage of bee-like
structure area, roughness etc., but there are still two problems, which have not been solved yet: (1) The
calculation method of bitumen nano-morphology parameters is not uniform. (2) Lack of quantitative
relationship between nano-morphological parameters and macro-technical indicators of bitumen.”

In this paper, AFM was used to study the ageing properties of bitumen. The calculation method
of nano-morphology parameters of bitumen AFM is standardized, and the quantitative relationship
model between nano-morphology parameters and macro-technical indexes of bitumen is established.
Bitumen with different ageing degree was prepared, and Atomic force microscopy (AFM) samples
with different cooling rates were prepared respectively. The relationship between the ageing degree of
bitumen and nano-morphology parameters was analyzed. A functional relationship model between
nano-morphology parameters and properties of bitumen was established. For a long time, it has
been difficult for researchers to establish a quantitative relationship between the nano-morphology
parameters and the technical properties of bitumen. The research method of this paper provides a
reference for improving the calculation accuracy of the bitumen nano-morphology parameters, and the
research results provide a new idea for the study of the quantitative relationship between the technical
properties and the nano-morphology parameters of bitumen, which is of great significance.

2. Test Design

2.1. Materials

The bitumen (A-90) used in this paper was produced by Zhonghai Asphalt Co., Ltd. (Binzhou,
China). The technical indicators of the bitumen used in this paper are shown in Table 1. It should be
noted that viscosity is measured by the Vacuum Decompression Capillary Method, the penetration
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measurement temperature is 25 °C, the softening point is measured by the Ring and Ball Method.
The measurement methods of the indicators in Table 1 are the relevant methods specified in “Standard
Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011)” [45].

Table 1. Technical indicators of A-90 bitumen.

Test Items Value
Penetration, 25 °C, 0.1 mm 88.1
Ductility, 15 °C, cm 101.9

Viscosity at 60 °C, Pa-s 202.411
Softening point, °C 43.7
Penetration ratio, % 71.9
RTFOT! Residual ductility, 15 °C, cm 33.7

Mass loss, % 0.3

! RTFOT, Rolling Thin Film Oven Test.

2.2. Test Design

The rolling thin film oven (85#) used in this paper was produced by Cangzhou Hengsheng Weiye
Highway Instrument Co., Ltd. (Cangzhou, China). The high and low temperature test chamber was
produced by Linping Instrument Co., Ltd. (Shanghai, China), its cooling rate can reach 15 °C/min at
the fastest. Rolling thin film oven test (RTFOT) was used to obtain bitumen with the different ageing
degree. The ageing time is 0 min, 40 min, 85 min, 120 min, 160 min, 200 min and 240 min, respectively.
An amount of 3 g of the aged bitumen was dropped on a glass slide and kept in the high and low
temperature test chamber at 145 °C for 5 min, which made the bitumen form a thin layer with similar
thickness and smooth surface. Then turn on the cooling mode and cooled to 25 °C at a cooling rate of
12 °C/min, 4 °C/min, 2 °C/min, 1.5 °C/min and 1 °C/min, respectively. Then the nano-morphology
parameters of bitumen with the different ageing degree and cooling rate was tested by AFM at 25 °C.
The preparation process of the AFM sample is shown in Figure 1. The measured cooling rate of the
high and low temperature test chamber is shown in Figure 2.

0 min,
40 min, 3g
85 min,
120 min,
160 min,
200 min,

240 min

12°C/min, |
4 C/min,

2 ‘C/min,

1.5 C/min,

1 ‘C/min

Figure 1. The preparation process of the atomic force microscopy (AFM) sample.
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Figure 2. The measured cooling rate of the high and low temperature test chamber.

As can be seen from Figure 2, the cooling rate is not linear within 0 to 5 min, which shows
that the cooling rate is small at first, then gradually faster, and finally, reaches the expected rate.
This phenomenon is caused by the residual temperature in the high and low temperature chamber.
Since the bitumen temperature in the unstable stage of the cooling rate is always above 135 °C, the
bitumen is still in a liquid state, so the instability phenomenon in the initial stage of cooling is neglected
in the study of this paper.

2.3. The Nano-Morphology Parameters

In this paper, the nanostructure of bitumen was observed by using AFM. The AFM was produced
by Veeco Company (New York, the United States of America). The horizontal resolution is 0.2 nm,
the scanning range is 10 pum X 10 pum, the test temperature is 25 °C, and the number of samples are 512.
The AFM used in this paper is shown in Figure 3.

Figure 3. AFM used in this paper.

The nano-morphology parameters used in this paper are introduced in conjunction with Figure 4.
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Figure 4. Bitumen AFM images. (a) two-dimensional height images; (b) three-dimensional height
images; (c) bee-like structure analysis images; (d) maximum amplitude.

It can be seen from Figure 4 that there are many bee-like structures in bitumen AFM
images, which are composed of undulating peaks and troughs in three-dimensional images. In
the two-dimensional image, the percentage of bee-like structure area to the total area of the image is
the percentage of bee-like structure area (Ppee-like)- In the three-dimensional image, the maximum
height difference between the peak and trough of the bee-like structure is the maximum amplitude
(Hmax)- The overall degree of three-dimensional fluctuation of bitumen AFM is roughness (Rq).

There are many bee-like structures in the AFM image. In order to calculate the area of a bee-like
structure, each bee-like structure is numbered, from 1 to i, as shown in Figure 4c. Then the area of
each bee-like structure is read by Image-Pro-Plus software [46,47]. Ppec-iike is the sum of each bee-like
structure area divided by the total area of the image. As shown in Equation (1).

1
Ppee-like = M x100% 1
A
where A, is the area of the bee-like structure numbered i and A is the total area of the AFM image.

As shown in Figure 4c,d, the height fluctuation curve is obtained along with the bee-like structure,
and the maximum and the minimum height of the curve can be read. Hpmax can be calculated according
to Equation (2).

Hmax = hmax — hmin (2)

where himax, hpin are the maximum and the minimum height in the AFM image respectively.
Rq can be calculated according to Equation (3).

Rq

172
_ JITh(x, Y)—ho}zds] 3)

Jfds

where S is the scanning area, 10 pm x 10 um in this paper. h(x, y) is a height function, nm. hy is the
reference height, which can be calculated according to Equation (4), nm.
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_ JIh(x, y)ds

3. Results and Discussion

3.1. Effect of Ageing Time and Cooling Rate on Nano-Morphology of Bitumen

In this paper, the nano-morphology of A-90 bitumen with different ageing degree and cooling
rate was tested. The results are shown in Figures 5 and 6.

10pum 10pm 10pum

(&) (h) @
Figure 5. AFM images of bitumen with different ageing degree. The cooling rate of (a—c) is 12 °C/min;
The cooling rate of (d—f) is 2 °C/min; The cooling rate of (g-i) is 1 °C/min; The ageing time of (a,d,g) is 0
min; The ageing time of (b,e h) is 85 min; The ageing time of (c,f,i) is 240 min.

As can be seen from Figures 5 and 6 that as the ageing degree of bitumen increases, the
nano-morphology in AFM images also changes. The longer the ageing time, the larger the volume
of bee-like structure, the higher the fluctuation degree, and the larger the percentage of bee-like
structure area. The nano-morphology of bitumen under different cooling rates is also different. As
the cooling rate increases, the bee-like structure is small and dense, but the degree of undulation is
increased. Figure 7 shows the nano-morphology parameters of bitumen with different ageing times
and cooling rates.



Materials 2020, 13, 1472

7 of 13

©

(d)

®

Figure 6. The three-dimensional nanoscopic images of bitumen with different ageing degree. The cooling
rate of (a—c) is 12 °C/min; The cooling rate of (d—f) is 2 °C/min; The cooling rate of (g-i) is 1 °C/min;
The ageing time of (a,d,g) is 0 min; The ageing time of (b,e,h) is 85 min; The ageing time of (c f,i) is

240 min.
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Figure 7. The nano-morphology parameters of bitumen with different ageing time and cooling rate.
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According to the method in Section 2, the ageing time in this paper is 0 min, 40 min, 85 min,
120 min, 160 min, 200 min and 240 min, respectively. The cooling rate of 12 °C/min, 4 °C/min, 2
°C/min, 1.5 °C/min and 1 °C/min, respectively, the target temperature is 25 °C. As shown in Figure 7,
Ppee-likes Hmax and Rq increase with the increase of ageing degree. For the Ppee_jike, N0 matter the
cooling rate, the average area of the bee-like structure is 2.2 times of that of the non ageing bitumen,
the Hmax is 2.9 times of that of the non aging bitumen, and the R is 2.6 times of that of the non
ageing bitumen. This shows that ageing has a great influence on the s nano-morphology parameters
of bitumen. The reason is that with the ageing process, the light components in bitumen decrease
gradually, which leads to increases in the asphaltene proportion. The existence of asphaltene is the main
cause of the bee-like structure formation, so the ageing process actually promotes the development of
the bee-like structure. Figure 7 also shows that Ppee-like, Hmax and Rq will increase while the cooling
rate increases. Under the same ageing time, the asphalt with a faster cooling rate has greater Ppee_like,
Hmax and Rg.

3.2. Relationship between the Nano-Morphology Parameters and the Bitumen Properties

The index of bitumen viscosity, such as viscosity at 60 °C, penetration and softening point was
tested in this paper. The test results are shown in Figure 8.

Figure 4 shows that with the increase of Ppec_jike, the viscosity of bitumen at 60 °C increases, the
penetration decreases and the softening point increases. With the increase of Ry, the viscosity at 60
°C increases, the penetration decreases and softening point increases; with the increase of Hnax, the
viscosity at 60 °C increases, the penetration decreases and the softening point increases. At the same
time, the cooling rate has a certain effect on the results. It can be seen from the test data that there is a
non-linear relationship between each nano-parameter and the bitumen technical properties. Based on
the numerical analysis of the test data, a relationship model between nano-morphology parameters
and technical properties of bitumen is proposed. As shown in Equation (5).

T/
Tl = a X (b X PNano® + ¢ X PNano” + d X Pano +€) +fXT +g (5)

where TI is the technical indexes; Pano is the nano-morphology parameters; T’ is the cooling rate,
°C/min; a, b, ¢, d, e, f and g are the regression coefficients.

According to Equation (5), the test results in Figure 4 are fitted. The fitting results are shown in
Table 2.

Table 2. A-90 bitumen technical indexes and nano-morphology parameters relationship
fitting equations.

No. TI PNano a b C d e f g RZ, %
Equation (6) n Ppee_tike 2266.6  —0.0006 0.02 -0.18 0.39 35.1 5194 95.04
Equation (7) | R, 2455.2  —-0.006 0.07 -0.08 —-044 528 -289.7 8826

Equation (8) n Hmax 3359.3 —-0.00003 0.0004 -0.01 0.06 27.5 61.4 92.23
Equation (9) Pen  Ppee-like —38.83  0.0004 -0.02 0.43 -1.6 -1.1 9424  96.83
Equation (10) Pen R, —-63.70 0.003 —-0.08 063 -079 -24 11512 89.13
Equation (11) Pen Hmax —43.14 0.00002 -0.0001 0.05 -053 -1.1 9515 97.85
Equation (12)  TrgB  Pbee-like 25.62  —0.0003  0.01 002 -028 0.6 4177 98.26
Equation (13)  Tres R, 32.23 —-0.002  —0.002 0.3 -057 09 =359 89.31
Equation (14) Trgp  Hmax 33.83  —0.00001 0.001 001 -021 04 4203 93.1

1 is the viscosity at 60 °C; Pen is the penetration; Tresp is the softening point.
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Figure 8. Relationship between asphalt nano-parameters and technical indexes. (a) 1 and Ppee_jike;
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Figure 9 shows the fitting effect.
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Table 2 and Figure 9 show that the relationship between the nano-morphology parameters
of bitumen and the indexes characterizing bitumen viscosity can be quantified. From the fitting
effect, the correlation coefficient can reach about 90%, which shows that the correlation between
them is significant. This makes the study of the nano-morphology parameters of bitumen has a
certain significance. This method also provides a reference for studying the relationship between the
nanoscopic morphology parameters and the macroscopic technical indexes of bitumen.

4. Conclusions

In this paper, bitumen with different ageing degrees was prepared, and AFM samples with
different cooling rates were prepared respectively. The relationship between ageing degree of
bitumen and nano-morphology parameters was analyzed. A functional relationship model between
nano-morphology parameters and properties of bitumen was established. The research method of this
paper provides a reference for improving the calculation accuracy of the bitumen nano-morphology
parameters and the research results provide a new idea for the study of the quantitative relationship
between the technical properties and the nano-morphology parameters of bitumen, which is of great
significance. The main conclusions are as follows:

(1) The percentage of bee-like structure area, the maximum amplitude and the roughness will increase
while the ageing degree of bitumen increases.

(2) In the preparation process of AFM samples, the faster the cooling rate, the smaller the average
area of the bee-like structure, but the larger the percentage of the bee-like structure area and the
maximum amplitude and roughness.

(3) While the percentage of the bee-like structure area, the maximum amplitude and roughness
increase, the viscosity at 60 °C will increase, the penetration will decrease and the softening point
will increase.

(4) The relationship between the nano-morphology parameters of bitumen and the indexes of

T/
bitumen viscosity accords to TI = a X (b X PNan03 +cXx PNanoz 4+ d X PNnjano + e) +fxT +g.

Author Contributions: Data curation, M.Z. and X.W.; Formal analysis, X.W. and W.Z.; Investigation, W.Z,;
Methodology, M.Z.; Project administration, W.Z.; Software, M.Z.; Writing—original draft, M.Z.; Writing—review
editing, L.D. All authors have read and agree to the published version of the manuscript.

Funding: This work was supported by Natural Science Foundation of Shandong Province, China [Grant No.
BS2015SF016]; National Natural Science Foundation of China [Grant No. 51808327]; Natural Science Foundation
of Shandong Province, China [Grant No. ZR2019PEE016].

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Afra, S.; Nasr-El-Din, H.A.; Socci, D.; Cui, Z. Green phenolic amphiphile as a viscosity modifier and
asphaltenes dispersant for heavy and extra-heavy oil. Fuel 2018, 220, 481-489. [CrossRef]

2. Ji, X;Hou, Y,; Zou, H.; Chen, B,; Jiang, Y. Study of surface microscopic properties of asphalt based on atomic
force microscopy. Constr. Build. Mater. 2020, 242, 118025. [CrossRef]

3.  Zhang, W,; Zhang, Y.X,; Jia, Z.; Wang, F; Ding, L. Test method and material design of asphalt mixture with
the function of photocatalytic decomposition of automobile exhaust. Constr. Build. Mater. 2019, 215, 298-309.
[CrossRef]

4. Zhang, W.; Jia, Z.; Wang, E. Effect and prediction of aromatic oil on swelling degree of direct-to-plant SBS
modifier in bitumen. Pet. Sci. Technol. 2019, 37, 1033-1040. [CrossRef]

5. Hung, AM,; Fini, E.H. Absorption spectroscopy to determine the extent and mechanisms of aging in bitumen
and asphaltenes. Fuel 2019, 242, 408-415. [CrossRef]

6. Oldham, D.; Hung, A.; Parast, M.M.; Fini, E.H. Investigating bitumen rejuvenation mechanisms using a
coupled rheometry-morphology characterization approach. Constr. Build. Mater. 2018, 159, 37-45. [CrossRef]


http://dx.doi.org/10.1016/j.fuel.2018.01.111
http://dx.doi.org/10.1016/j.conbuildmat.2020.118025
http://dx.doi.org/10.1016/j.conbuildmat.2019.04.196
http://dx.doi.org/10.1080/10916466.2019.1570255
http://dx.doi.org/10.1016/j.fuel.2019.01.085
http://dx.doi.org/10.1016/j.conbuildmat.2017.10.113

Materials 2020, 13, 1472 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hou, Y,; Wang, L.; Wang, D.; Guo, M,; Liu, P, Yu, J. Characterization of bitumen micro-mechanical behaviors
using AFM, phase dynamics theory and MD simulation. Materials 2017, 10, 208. [CrossRef]

Wu, S.P; Pang, L.; Mo, L.T,; Chen, Y.C.; Zhu, G.J. Influence of aging on the evolution of structure, morphology
and rheology of base and SBS modified bitumen. Constr. Build. Mater. 2009, 23, 1005-1010. [CrossRef]
Yang, Z.; Zhang, X.; Zhang, Z.; Zou, B.; Zhu, Z.; Lu, G.; Xu, W.,; Yu, J.; Yu, H. Effect of aging on chemical and
rheological properties of bitumen. Polymers 2018, 10, 1345. [CrossRef]

Filippi, S.; Cappello, M.; Merce, M.; Polacco, G. Effect of Nanoadditives on Bitumen Aging Resistance:
A Critical Review. J. Nanomater. 2018, 2018, 2469307. [CrossRef]

Omuairey, E.L.; Zhang, Y.; Al-Malaika, S.; Sheena, H.; Gu, F. Impact of anti-ageing compounds on oxidation
ageing kinetics of bitumen by infrared spectroscopy analysis. Constr. Build. Mater. 2019, 223, 755-764.
[CrossRef]

Zhang, W.; Shi, ].; Jia, Z. The UV anti-aging performance of TPS modified bitumen. Pet. Sci. Technol. 2018, 36,
1164-1169. [CrossRef]

Xu, G.; Wang, H. Molecular dynamics study of oxidative aging effect on asphalt binder properties. Fuel 2017,
188, 1-10. [CrossRef]

Nivitha, M.R,; Prasad, E.; Krishnan, ].M. Ageing in modified bitumen using FTIR spectroscopy. Int. .
Pavement Eng. 2016, 17, 565-577. [CrossRef]

Weigel, S.; Stephan, D. Differentiation of bitumen according to the refinery and ageing state based on FTIR
spectroscopy and multivariate analysis methods. Mater. Struct. 2018, 51, 130. [CrossRef]

Singh, B.; Saboo, N.; Kumar, P. Use of Fourier transform infrared spectroscopy to study ageing characteristics
of asphalt binders. Pet. Sci. Technol. 2017, 35, 1648-1654. [CrossRef]

Hofko, B.; Porot, L.; Cannone, A.E.; Poulikakos, L.; Huber, L.; Lu, X.; Mollenhauer, K.; Grothe, H. FTIR
spectral analysis of bituminous binders: Reproducibility and impact of ageing temperature. Mater. Struct.
2018, 51, 45. [CrossRef]

Hofko, B.; Alavi, M.Z.; Grothe, H.; Jones, D.; Harvey, ]. Repeatability and sensitivity of FTIR ATR spectral
analysis methods for bituminous binders. Mater. Struct. 2017, 50, 187. [CrossRef]

Nivitha, M.R.; Prasad, E.; Krishnan, ].M. Transitions in unmodified and modified bitumen using FTIR
spectroscopy. Mater. Struct. 2019, 52, 7. [CrossRef]

Teltayev, B.B.; Rossi, C.O.; Ashimova, S.Z. Composition and rheological characteristics of bitumen in
short-term and long-term aging. Mag. Civ. Eng. 2018, 81, 93-101. [CrossRef]

Chen, ].S.; Lee, C.T.; Lin, Y.Y. Characterization of a Recycling Agent for Restoring Aged Bitumen. J. Mater.
Civ. Eng. 2018, 30, 05018003. [CrossRef]

Bagersad, M.; Ali, H. Rheological and chemical characteristics of asphalt binders recycled using different
recycling agents. Constr. Build. Mater. 2019, 228, 116738. [CrossRef]

Gong, X.; Dong, Z.; Wang, H.; Ma, X; Yu, H.; Hu, K. Rheological Characterization of Asphalt Fine Aggregate
Matrix Using Dynamic Shear Rheometer. Polymers 2019, 11, 1273. [CrossRef] [PubMed]

Gawel, I.; Czechowski, F.; Kosno, . An environmental friendly anti-ageing additive to bitumen. Constr. Build.
Mater. 2016, 110, 42—47. [CrossRef]

Poulikakos, L.D.; Wang, D.; Porot, L.; Hofko, B. Impact of asphalt aging temperature on chemo-mechanics.
RSC Adv. 2019, 9, 11602-11613. [CrossRef]

Gumdtistekin, $.; Topal, A.; Sengoz, B. Texture analysis of polymer modified bitumen images. Int. ]. Mater.
Res. 2011, 102, 513-520. [CrossRef]

Su, J.F; Schlangen, E.; Wang, Y.Y. Investigation the self-healing mechanism of aged bitumen using
microcapsules containing rejuvenator. Constr. Build. Mater. 2015, 85, 49-56. [CrossRef]

Zhang, W.; Jia, Z.; Zhang, Y.; Hu, K,; Ding, L.; Wang, F. The effect of direct-to-plant styrene-butadiene-styrene
block copolymer components on bitumen modification. Polymers 2019, 11, 140. [CrossRef]

Zhu, J.; Balieu, R.; Lu, X.; Kringos, N. Microstructure evaluation of polymer-modified bitumen by image
analysis using two-dimensional fast Fourier transform. Mater. Des. 2018, 137, 164-175. [CrossRef]
Vassaux, S.; Gaudefroy, V.; Boulangé, L.; Soro, L.].; Pévére, A.; Michelet, A.; Barragan-Montero, V.; Mouillet, V.
Study of remobilization phenomena at reclaimed asphalt binder/virgin binder interphases for recycled
asphalt mixtures using novel microscopic methodologies. Constr. Build. Mater. 2018, 165, 846-858. [CrossRef]


http://dx.doi.org/10.3390/ma10020208
http://dx.doi.org/10.1016/j.conbuildmat.2008.05.004
http://dx.doi.org/10.3390/polym10121345
http://dx.doi.org/10.1155/2018/2469307
http://dx.doi.org/10.1016/j.conbuildmat.2019.07.021
http://dx.doi.org/10.1080/10916466.2018.1465962
http://dx.doi.org/10.1016/j.fuel.2016.10.021
http://dx.doi.org/10.1080/10298436.2015.1007230
http://dx.doi.org/10.1617/s11527-018-1252-6
http://dx.doi.org/10.1080/10916466.2017.1350710
http://dx.doi.org/10.1617/s11527-018-1170-7
http://dx.doi.org/10.1617/s11527-017-1059-x
http://dx.doi.org/10.1617/s11527-018-1308-7
http://dx.doi.org/10.18720/MCE.81.10
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0002388
http://dx.doi.org/10.1016/j.conbuildmat.2019.116738
http://dx.doi.org/10.3390/polym11081273
http://www.ncbi.nlm.nih.gov/pubmed/31370317
http://dx.doi.org/10.1016/j.conbuildmat.2016.02.004
http://dx.doi.org/10.1039/C9RA00645A
http://dx.doi.org/10.3139/146.110510
http://dx.doi.org/10.1016/j.conbuildmat.2015.03.088
http://dx.doi.org/10.3390/polym11010140
http://dx.doi.org/10.1016/j.matdes.2017.10.023
http://dx.doi.org/10.1016/j.conbuildmat.2018.01.055

Materials 2020, 13, 1472 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Dehouche, N.; Kaci, M.; Mouillet, V. The effects of mixing rate on morphology and physical properties
of bitumen/organo-modified montmorillonite nanocomposites. Constr. Build. Mater. 2016, 114, 76-86.
[CrossRef]

Geckil, T. Physical, chemical, microstructural and rheological properties of reactive terpolymer-modified
bitumen. Materials 2019, 12, 921. [CrossRef]

Bo, L.; Yujiao, C.; Xiang, L.; Hailian, L.; Xiaomin, L. Effect of material composition on nano-adhesive
characteristics of styrene-butadiene-styrene copolymer-modified bitumen using atomic force microscope
technology. Int. J. Adhes. Adhes. 2019, 89, 168-173. [CrossRef]

Holcombe, E.W.; Nazzal, M.D.; Mogawer, W.; Austerman, A.J.; Kaya, S. Evaluating asphalt binders prepared
with different processes to meet the same performance grade: Use of atomic force microscope. Transp. Res.
Rec. 2017, 2632, 99-109. [CrossRef]

Zhang, W.; Wang, F;; Shi, J.; Li, Z.; Liang, X. Experimental study on nano-parameters of styrene-butadiene-
styrene block copolymer modified bitumen based on atomic force microscopy. Polymers 2019, 11, 989.
[CrossRef] [PubMed]

Santos dos, S.; Partl, M.N.; Poulikakos, L.D. Newly observed effects of water on the microstructures of
bitumen surface. Constr. Build. Mater. 2014, 71, 618-627. [CrossRef]

Golubev, Y.A.; Kovaleva, O.V.; Yushkin, N.P. Observations and morphological analysis of supermolecular
structure of natural bitumens by atomic force microscopy. Fuel 2008, 87, 32-38. [CrossRef]

Pizzorno, B.S.; Dourado, E.R.; Moraes, M.D.; Simao, R.A ; Leite, L.EM. Segregation and crystallization of
waxes on the surface of asphalt binders as observed by atomic force microscopy. Pet. Sci. Technol. 2014, 32,
2738-2745. [CrossRef]

Yu, X.; Burnham, N.A.; Granados-Focil, S.; Tao, M. Bitumen’s microstructures are correlated with its bulk
thermal and rheological properties. Fuel 2019, 254, 115509. [CrossRef]

Fischer, H.R.; Dillingh, E.C.; Hermse, C.G.M. On the microstructure of bituminous binders. Road Mater.
Pavement Des. 2014, 15, 1-15. [CrossRef]

Blom, J.; Soenen, H.; Katsiki, A.; Van den Brande, N.; Rahier, H.; van den Bergh, W. Investigation of the bulk
and surface microstructure of bitumen by atomic force microscopy. Constr. Build. Mater. 2018, 177, 158-169.
[CrossRef]

Zhang, H.L.; Yu, ].Y.; Feng, Z.G.; Xue, L.H.; Wu, S.P. Effect of aging on the morphology of bitumen by atomic
force microscopy. J. Microsc. 2012, 246, 11-19. [CrossRef] [PubMed]

Ji, X.; Jiang, Y.; Zou, H.; Cao, F; Hou, Y. Application of numerical simulation method to improve shear
strength and rutting resistance of asphalt mixture. Int. J. Pavement Eng. 2020, 21, 112-121. [CrossRef]
Loeber, L.; Sutton, O.; Morel, ].V.J.M.; Valleton, ].M.; Muller, G. New direct observations of asphalts and
asphalt binders by scanning electron microscopy and atomic force microscopy. J. Microsc. 1996, 182, 32-39.
[CrossRef]

The Ministry of Communications Highway Science Institute. Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering; JTG E20-2011; China Communications Press: Beijing, China, 2011.
Zhang, W.; Zou, L Jia, Z.; Wang, E; Li, Y.; Shi, P. Effect of Thermo-Oxidative Ageing on Nano-Morphology
of Bitumen. Appl. Sci. 2019, 9, 3027. [CrossRef]

Yin, C. Hazard assessment and regionalization of highway flood disasters in china. Nat. Hazards 2020, 200,
1-16. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.conbuildmat.2016.03.151
http://dx.doi.org/10.3390/ma12060921
http://dx.doi.org/10.1016/j.ijadhadh.2019.01.002
http://dx.doi.org/10.3141/2632-11
http://dx.doi.org/10.3390/polym11060989
http://www.ncbi.nlm.nih.gov/pubmed/31167391
http://dx.doi.org/10.1016/j.conbuildmat.2014.08.076
http://dx.doi.org/10.1016/j.fuel.2007.04.005
http://dx.doi.org/10.1080/10916466.2014.887099
http://dx.doi.org/10.1016/j.fuel.2019.05.092
http://dx.doi.org/10.1080/14680629.2013.837838
http://dx.doi.org/10.1016/j.conbuildmat.2018.05.062
http://dx.doi.org/10.1111/j.1365-2818.2011.03578.x
http://www.ncbi.nlm.nih.gov/pubmed/22171593
http://dx.doi.org/10.1080/10298436.2018.1445248
http://dx.doi.org/10.1046/j.1365-2818.1996.134416.x
http://dx.doi.org/10.3390/app9153027
http://dx.doi.org/10.1007/s11069-019-03824-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Test Design 
	Materials 
	Test Design 
	The Nano-Morphology Parameters 

	Results and Discussion 
	Effect of Ageing Time and Cooling Rate on Nano-Morphology of Bitumen 
	Relationship between the Nano-Morphology Parameters and the Bitumen Properties 

	Conclusions 
	References

